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Objective: To study the effects of wearing extravehicular activity (EVA) gloves on grip strength and fa-
tigue in low temperature, low pressure and mixing of two factors (low temperature and low pressure).
Methods: The maximum grip strength and fatigue tests were performed with 10 healthy male subjects
wearing gloves in a variety of simulated environments. The data was analysed using the normalization
method.

Results: The results showed that wearing gloves significantly affected the maximum grip strength and
fatigue. Pressure (29.6, 39.2 kPa) had more influence on the maximum grip compared with control group
while low temperatures (—50, —90, —110 °C) had no influence on grip but affected fatigue dramatically.
The results also showed that the maximum grip strength and fatigue were influenced significantly in a
compound environment.

Conclusions: Space environment remarkably reduced strength and endurance of the astronauts. How-
ever, the effects brought by the compound environment cannot be understood as the superimposition of

low temperature and pressure effects.

© 2015 Elsevier Ltd and The Ergonomics Society. All rights reserved.

1. Introduction

Strength is the source of manual performance, and under the
control of the brain it can realise precise manual performance by
contraction force from the upper body and muscles of various
hands parts. Up to 90% of actions in extravehicular activity (EVA)
are performed by the upper body (Zhang et al., 2011). However,
astronaut operation strength during extravehicular activity
decreased dramatically due to the combined effect of glove pres-
sure, low temperature and glove structure (Ding et al, 2005).
Therefore, in the development process of EVA gloves, the major
problem is how to maintain necessary strength during extrave-
hicular activity. Endurance and strength are always considered
together in the experiments because enough physical strength is
the premise to complete the work. A reduction in strength and
fatigue will lead to additional energy expenditure and fatigue, and a
result could be a serious accident.

* Corresponding author. Tel./fax: +86 82339614.
E-mail addresses: muser_tt@163.com (Y. Tian), ding1971316@buaa.edu.cn
(L. Ding).

http://dx.doi.org/10.1016/j.apergo.2015.08.010
0003-6870/© 2015 Elsevier Ltd and The Ergonomics Society. All rights reserved.

Scholars have studied various elements affecting hand strength
from different perspectives. Geng researched the influence of low
temperature on performance from aspects of subjective feelings
and finger temperature measurements when in touch with low-
temperature objects (Geng et al., 2001); Aldien illustrated the
pressure distribution of the hand-handle operation interface by
studying hand forces and handle size (Aldien et al., 2005). As far as
the study of an EVA glove is concerned, Buhman showed the in-
fluence of the glove on maximum grip strength from glove struc-
ture, pressure, load, handle structure (Buhman et al., 2000).
However, they only conducted single-factor analysis of each
element, and the influence of low temperatures was not included.
Tsaousidis studied the effects of gloves on maximum force and the
rate of force development in pinch, wrist flexion and grip
(Tsaousidis and Freivalds, 1998). By low-pressure chamber experi-
ments, Bishu established the maximum limits of strength and fa-
tigue when performing all kinds of tasks with gloves, which was
manifest in the relationship between strength and fatigue (Bishu
et al., 1995). Francisco studied the relationship between strength
and dexterity by dynamic pinch performance (Valero-Cuevas et al.,
2003). However, these studies mainly focused on single-factor ef-
fects on strength. There has been no definite conclusion on the
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interaction (addition, subtraction or combination) of glove pres-
sure, low temperature and glove structure on strength, which is the
real condition of EVA.

Therefore, this article studies hand strength under the com-
bined influence of glove strength and low temperature and takes
maximum grip strength and grip fatigue as essential evaluating
indicators.

2. Methodology
2.1. Subjects

Ten male volunteers from university joined this experiment. The
length of their hands was 18 + 0.3 cm. The width of hands was
10.5 + 0.2 cm. They were all right-handed and volunteered to
participate in the experiment.

2.2. EVA glove

We used a replica of an EVA glove from the Astronaut Centre of
China to conduct the tests. It had two parts: pressure glove and
TMG. During the EVA, it was a part of the spacesuit. The pressure
inside the clothing was constant. The pressure between the inside
and outside of the glove was 29.6 (US)/39.2 (Russia) kPa. The test on
the ground could simulate pressure differential only because of
gravity. However, the state of the glove was similar. For specific
content, refer to section 2.5 and Fig. 1.

2.3. Experimental settings design

The experiment included three variables: pressure, ambient
temperature (AT), and grip bar surface temperature. Therefore,
the experiment had five groups (Table 1). The first one was the
control group, where the environment and grip bar temperature
were 25 °C, and pressure was 0. This group was mainly used for
comparison with other data. Group | simulated different pressures
(22.1/29.6/39.2 kPa) (Ding et al., 2005), but the other variables
were the same. These pressures were standard stamping data for
EVA gloves. The variables in Group Il were the same as the control
group, except the grip bar surface temperature (—50/—90/—110/
—130 °C). We designed this group because grasping low temper-
ature objects was a common action in EVA activities. According to
the literature, the surface temperature of objects in space is
between —50 and —130 °C (Zhang et al., 2011). Group Il simulated
a compound environment in which the pressure and the

Liquid nitrogen

Low-temperature

nitrogen

Heati

tank Pipe
—

Pump
Sensor
—
- — =
PC Pipe
Data measurement card

Table 1
Study design under different pressure and temperature.

No. Pressure (kPa) AT (°C) Grip bar temperature (°C)
Control group 0 25 25

| 22.1/29.6/39.2 25 25

Il 0 25 -50/-90/-110/-130

n 39.2 25 -50/-110/-130

v 392 -50 -50

All the tests were performed when subject was wearing gloves.

temperature changed. The pressure was 39.2 kPa, grip bar surface
temperature was —50/—110/—130 °C, and the other variable was
the same as the control group. We determined this pressure
because this study mainly focused on the Chinese EVA glove. In
Group Il, we found that there was no significant difference
between —50 and —90 °C, so we ignored —90 °C in Group lIl. In
order to simulate an environment closer to the real EVA, we
designed Group IV to compare with the Group Il data. In Group IV,
the EVA gloves would be put in a —50 °C environment. The
pressure was 39.2 kPa, and the grip bar temperature was —50 °C.
At this point, heat loss occurred at both the palm side and back
side of the glove, and the surface temperature of the hand fell
even faster.

2.4. Measurement

2.4.1. Strength

According to the ways of force imposed by hands in manual
work, hand strength can be divided into grip, pinch and twist. Grip
strength is caused by bending all the fingers together except the
thumb. Pinch results from squeezing between fingertips. Different
from grip and pinch, a twist completes work by the resulting
moment and is relevant to the friction coefficient of the object
surface. This article chose maximum grip strength as the object of
study because strength studies of EVA gloves were often based on
hand-handle interface with grip strength as the main method.
Moreover, according to Chen's research (Chen et al., 2006), a cor-
relation did exist among grip, pinch and twist, thus grip could be
used in tests in place of the other two forces.

2.4.2. Grip fatigue

Muscle fatigue may occur after long-time exertion of force, and
in turn it will affect normal operation. Fatigue has a direct rela-
tionship with operation strength and time, namely work power.

Cabin

Door

Fig. 1. Low-temperature simulation cabin and measurement equipment.
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Because a comparatively large number of muscles is involved in
gripping, fatigue appears more quickly and obviously, especially in
extravehicular activities (Ding et al, 2009). That is why grip
strength was chosen in the fatigue test. On the basis of the previous
studies in this laboratory, dynamic grip and static grip were com-
bined in this experiment.

2.5. Equipment

Experiments were conducted in a low-temperature simulation
cabin designed for EVA gloves (Fig. 1), which was composed of a
grip measurement system, temperature measurement system,
refrigerating (cooling) system and pressure system.

The grip acquisition system includes low-temperature dyna-
mometer, data measurement card (Kangsente , XST/A-
H1MTOB3S1N) and self-developed grip acquisition system based
on a monitor and control generated system (MCGS). Its functions
include acquiring, real-time displaying and recording grip strength
values. The dynamometer was composed of measurement lever
and low-temperature lever. The former was an elastomer fixed
with pressure sensors, and the grip strength was converted by the
elastic deformation and measured by sensors. The latter was a
hollow metal circular cylinder. Liquid nitrogen could be injected
from one end to make the temperature reach the ideal value in the
experiment. When using the dynamometer, subjects touched the
surface of the low-temperature lever with their fingers and pressed
the dynamometer with their palms to generate grip strength data.
The working theories behind grip measurement system were that
when the dynamometer is grasped, pressure signals are received by
pressure sensors and transformed into voltage signals, then ac-
quired through data measurement card and stored in the Excel
worksheets by running the MCGS grip measurement system. The
test precision was 0.1 kg.

The temperature measurement system included a resistance
temperature sensor (PT-100), digital meter and temperature data
measurement system based on Kingview platform. The system was
designed to collect, real-time monitor and record the temperature
change of dynamometer surface, environment and fingers. The
principle of operation was that temperature signals from various
temperature-measuring points were transformed into resistance
values by temperature sensors, and then transmitted to a digital
meter, which could transform those values into digital signals. The
test precision was 0.1 °C.

The cooling system was composed of a Dewar bottle, heat
installation, cabin and low-temperature dynamometer. It was
designed to reach various low temperatures required by dyna-
mometer or low-temperature cabin. The way of controlling the
temperature was to let liquid nitrogen flow out of the Dewar bottle
and flowed into heat installation, inside which it gasified into low-
temperature nitrogen. The low-temperature nitrogen finally flowed
into the dynamometer and low-temperature cabin. The principle is
similar to a radiator. The temperature of the dynamometer was
controlled by adjusting the volume of gasified nitrogen through a
valve, while the temperature in low-temperature cabin was
controlled by the volume of liquid nitrogen flow directly. Temper-
ature precision of the dynamometer was 2 °C, and test cabin was
1°C

The pressure system included a vacuum pump, vacuum gauge,
low-temperature cabin and simulated EVA glove. The system was
designed to achieve pressure difference between inside and outside
of the gloves by drawing off air in a low-temperature cabin using a
vacuum pump. The operational principle of this system was that
the low-temperature cabin was a sealed hollow metal cylinder
when the door of the cabin was closed. The glove was fixed on the
cabin door, with the external surface contacting the environment in

the low-temperature cabin, and the interior surface was exposed to
the atmosphere. Drawing off air in the low-temperature cabin with
the vacuum pump, pressure was monitored by a vacuum gauge. The
interior of the glove was connected with the outside atmosphere,
so the pressure difference was the difference between atmospheric
pressure and pressure inside the cabin. When astronauts per-
formed with pressured EVA costumes in space, the environment
was considered as a vacuum, and the pressure difference was the
air pressure of costumes. The relative pressures of gloves under the
above two circumstances could be regarded as the same. Pressure-
controlling precision was 10 Pa.

2.6. Procedures

Before the experiment, a low-temperature cabin was cooled and
the air was drawn off to make cabin and gloves meet the designing
demands of the test group. Subjects were asked to put their hand
into the glove with temperature sensors attached inside to conduct
a grasping test. When performing experiments, the subjects were
seated on a bench with appropriate height, thus avoiding the in-
fluences of push or pull brought by the centre of mass moving
forward or backward. The position of the dynamometer could be
adjusted by preference of the subjects to help them exert maximum
grip strength. The procedures were as follows:

(1) Grip strength. Subjects were asked to grip the dynamometer
using their maximum strength for three times every 3 min.
Then the averaged value was taken as the subjects'
maximum grip strength (Fpax).

(2) Grip fatigue. Subjects grasped the dynamometer uniformly
with the frequency of 5 times/30 s exerting their maximum
strength, and then performed a static grip, during which
subjects were required to grasp the dynamometer for 10 s
with 30% of maximum grip strength (Fpqx). This process was
repeated until at least two out of five times of grip values
were below the 50% of Fpna, or any fingertip temperature
monitored was below 8 °C in dynamic grip. For each test,
only one condition was involved; a three-day rest was given
in between two tests in order to let the subjects recover from
the fatigue.

Each volunteer would do the grip strength first, then take a
10 min break. Once it was confirmed that the volunteer had
recovered, the grip fatigue test could begin. According to the
different physical ability of subjects, the fatigue test would last
15—40 min.

2.7. Comparative studies on data processing of grip fatigue

Concerning the fact that there was no common evaluating
standard for the identification of grip fatigue of EVA gloves, this
article improved the processing methods of fatigue on the basis of
existed research (Ding et al., 2005, 2009), using the work generated
during the process of grasp as an evaluation index. Fig. 2 shows the
real-time curve of grip strength. Acquisition frequency was 5 times/
s. Compared with the change of grip strength, the acquisition cycle
of 0.2 s was short enough to ensure that the force of sensors within
each cycle was constant. Thus, it was natural to consider d that the
strain S of the dynamometer within each acquisition cycle was
constant.

sn=Fn/e (1)

where e was the strain rate of sensors in dynamometer. It was a
constant and with N/m as its unit; s, was strain of gage in the n-th
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Fig. 2. Real-time curve of grip force.

acquisition cycle with unit m; F, was the n-th grip value collected
by the grip acquisition system with Newton units. The work
generated by force of grip during each acquisition time was

Mm::E#sn:(Eﬂz/e (2)

where W, was the work in the n-th acquisition cycle. Its unit was
Nm. Therefore,

n

> (Fn)? (3)

1

Q| -

W:Zn:Wn:
1

Eq. (3) manifested that the amount of work done was relevant to
the strain rate of foil gage (e) in the dynamometer and grip values
collected in the grip measurement system. In order to eliminate the
influence of e, this article used the method of dividing experimental
data by control data to eliminate e, thus, work was only related with
grip value.

Fig. 3 shows the comparison of fatigue processing methods. Fa-
tigue was calculated by impulse method and work method, respec-
tively, and then normalised. Compared with subjective votes of the
subjects, it was found that the work method was more preferable.

140 impulse work done  subjective votes
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Fig. 3. Comparison of fatigue processing methods.
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Fig. 4. Treatment Group I: Comparison of maximum grip strength.

3. Results
3.1. Grip strength

3.1.1. Effects of pressure on maximum grip strength

According to the results of our first treatment condition that is
illustrated in Fig. 4, glove pressure is shown to have considerable
effects on the maximum grip strength. Specifically, among the
three pressurised conditions in treatment group I, the exposure to
22.1 kPa had little effect on the reduction of maximum grip force
(p > 0.05). Increasing the pressure to conditions of 29.6 kPa and
39.2 kPa showed significant effects (p < 0.05). However, there were
no significant differences among the three pressurised conditions
of group I (p > 0.05).

3.1.2. Effect of low-temperature bar on maximum grip strength
Treatment group I, illustrated below in Fig. 5, showed that
grasping low-temperature objects slightly reduces the maximum
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Fig. 5. Treatment Group II: Comparison of maximum grip strength.
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Fig. 6. Treatment Group II: Comparison of finger temperature change at the end of
each experiment.

grip strength. To clarify, the low-temperature condition itself had
an indistinct effect on the maximum grip strength (p > 0.05), and
there were no obvious differences in terms of grip force among the
four low temperatures (p > 0.05). Compared to the control group,
finger temperature in treatment group II reduced dramatically
(p < 0.05, Fig. 6). However, there were no significant reductions in
finger temperatures at —90 °C, —110 °C, and —130 °C (p > 0.05).

3.1.3. Combined effect of pressure and low temperature on the
maximum grip strength

According to Fig. 7, the combined conditions of low temperature
and increased pressure reduced the maximum grip strength
dramatically (p < 0.01). However, there were no differences among
three conditions of treatment group III (p > 0.05).

By comparing the selected data with the condition
of —50 °C bar temperature from each experiment, we discovered
that the maximum grip strength did not change significantly.
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Note: 1: control; 2: Pressure: 39.2 kPa, Bar Temperature: -50 °C; 3: Pressure: 39.2 kPa,

Bar Temperature: -110 °C; 4: Pressure: 39.2 kPa, Bar Temperature: -130 °C

Fig. 7. Comparison of Fp,,x in treatment Group IIL
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Fig. 8. Treatment Group IV: Statistic analysis of Fpax.

Although the grip force might be reduced below 20 kg under
conditions of high pressure and low temperature, this would
readily enable astronauts to accomplish most EVA tasks on
extravehicular missions.

According to the comparison of 1 and 2 in Fig. 8, pressure had a
profound effect on maximum grip strength. Further analysis of 2
and 3 indicated that the maximum grip strength would not decline
as long as the pressure was constant, even if the environmental
temperature was lower than average conditions. Therefore, in
terms of maximum grip strength, the major influential factor was
the pressure inside the glove, and the effect of combined factors
was no greater than that of any single factor.

3.2. Grip fatigue

3.2.1. Effect of pressure on grip fatigue

According to Fig. 9, the addition of pressure had an evident ef-
fect on grip fatigue (p < 0.01). Compared to the working capacity in
control group, the capacity declined in each condition of the
treatment group I, ranging from 23 to 37%. However, there were no
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Fig. 9. Experiment I: Comparison of working capacity.
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Fig. 10. Treatment Group II: Comparison of working capacity.

distinct differences between the three conditions (p > 0.05).

3.2.2. Effect of low temperature on grip fatigue

Fig. 10 revealed that grasping low-temperature objects affected
grip fatigue significantly (p < 0.01). Compared to the working ca-
pacity of the control group, the capacity of the treatment group II
was reduced 50% approximately on average, but there were no sig-
nificant differences among four temperatures, —50 °C, —90
°C, —110 °C, and —130 °C (p > 0.05).

By comparing the dynamic grip strength at the end, the dynamic
grip strength was determined to be no less than half of the
maximum grip strength under the condition of —110 °C
and —130 °C, which allowed volunteers to keep grasping. However,
the finger temperature had already reached the study termination
criteria (8 °C, Fig. 11), thus the trial was terminated and volunteers
were unable to continue testing. In contrast, under the condition
of —50 °C and —90 °C, the finger temperature had not reached the
cessation criteria, while the end grip strength was comparatively
low. This allowed us to conclude that trial volunteers ended the

30 -

HH

Temperature of Finger/ degree
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Fig. 11. Treatment Group II: Comparison of finger temperature change at the end of
fatigue experiment.
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Fig. 12. Treatment Group III: Comparison of working capacity.

experiment due to the hand fatigue.

3.2.3. Combined effect of pressure and low-temperature on grip
fatigue

According to Fig. 12, the working capacity of hands was reduced
below 40% of that in the control group under the combined con-
dition of pressure and low temperature. This condition allowed
hand fatigue to occur easily. However, there were no obvious dif-
ferences among three conditions of the treatment group (p > 0.05).

Interestingly, by comparing the selected data with —50 °C bar
temperature (Fig. 13), a totally different conclusion was drawn.
Comparing 1 and 2, we found that pressure had an imperceptible
effect on working capacity, while comparing 2 and 3, environ-
mental temperature had an extreme effect on working capacity of
hands.

4. Discussion
4.1. Strength

R. Bishu mentioned in his NASA report that when a certain type
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Fig. 13. Treatment Group IV: Data analysis of working capacity.
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of EVA glove pressurised to 29.5 kPa, the maximum grip strength
would reduce to around 14 kg; when unpressurised, around 22 kg;
and when pressurised, more than 29.5 kg, no obvious additional
reduction (Bishu and Glenn, 1995). Even though there were nu-
merical value differences, the general tendency of the report's
result was consistent with that of our study, which illustrated that
pressure indeed had an effect on grip strength. The major cause of
the grip strength decline was the inner and outer pressure differ-
ence of the glove, which put the glove in a state of expansion. Due
to the expansion, the glove folds would generate resistance, which
opposed the working direction of the glove, and counteracted
partial grip strength, resulting in a declining grip. Moreover, Fig. 4
shows that the mean of maximum grip has a slight decline, with
the pressure increase, yet it is non-significant. The reasons may be:
(a) expansion of the glove has small differences between the
different pressures, which means the reaction between the lever
and the fingers changed little; (b) the value of resistance is far less
than the grip strength; it would be covered by the strength dif-
ferences of volunteers; (c¢) the musculoskeletal system has not
changed in grip strength with different pressures. Therefore, there
were no obvious differences among diverse pressure levels, which
was consistent with O'Hara's study result (O'Hara et al., 1988).

The result of the temperature-grip force experiment indicated
that the finger skin temperature dropped greatly, but within a short
time, temperature would not cause the grip strength to decline
dramatically. Because the maximum grip strength was estimated
within a short period, the finger skin temperature did not decline
under 8 °C, even though the temperature was —130 °C. Because
human tissue is good conductor of heat, and the circulation of the
blood balances the body temperature, even if the surface temper-
ature is low, the core temperature in muscle tissue will not fall. This
is better to ensure the activity of muscle tissue. Furthermore, study
volunteers did not report painful levels of coldness, and their finger
temperature could recover quickly. Hence, the interference of low
temperatures on grip force was less than that of pressure. Although
there is no literature regarding this field, according to Qiuqing
Geng's study (Geng et al., 2001), finger temperature would drop
below 10 °C three to 5 min after the finger touched low-
temperature objects, which might cause numbness and/or
piercing pain of the extremities (initial temperature was 20 °C). In
this experiment, our study volunteers actually spent much less
time touching the grip bar than that in the literature, while the
glove had a certain isolation, which was sufficient to maintain the
temperature of the fingers. Therefore, the results of grip strength
were credible.

4.2. Fatigue

Hand tolerance to fatigue has an obvious decreasing trend as the
pressure increased, which was identical to O'Hara and Bishu's test
results (O'Hara et al., 1988; Bishu and Glenn, 1995). The reasons
may be: (a) glove resistance always exists in the tests; (b) muscles
could not get sufficient rest, and maximum grip strength falls faster
than a no-pressure state. Compared with the maximum grip
strength, the gap between pressure and non-pressure becomes
greater. Yet, for different pressure, the difference is not obvious,
because the situation of force is basically identical.

The tolerance to fatigue was severely affected by temperature,
but the successive decline of the temperature did not cause sig-
nificant change of working capacity. Due to the particularity of the
fatigue evaluation method, experiment Il was divided into two
situations. (a) When the temperature was very low (—110, —130 °C),
heat would be lost to the environment due to the difference in
temperature during the prolonged fatigue tests. The heat of the
fingers, produced in blood and tissues, was unable to compensate

the loss of heat in the environment, and the finger temperature was
significantly reduced. As a result of this reduction in finger tem-
perature, tingling, stiffness and other stress reactions were pro-
duced. These results led to a great decrease of working time, which
affected the number of cycle (n) of fatigue evaluation and resulted
in a decrease of working amount. (b) In another low temperatures
(—=50, —90 °C), the human body's metabolic heat could still remain
at the finger temperature, so the experiment did not reach the
termination conditions for low finger temperature. In this case, the
evaluation of the impact of the fatigue was mainly responsible for
the reduction of the grip force, which was similar to the pressurised
condition. Thus, the experiment revealed that when the low tem-
perature reached a certain value, the defined loss of astronauts’
working ability would depend on both the low temperature or
muscle fatigue, depending on the circumstances of the
experiments.

4.3. Combined factors

Based on the results of horizontal comparison, we discovered
that pressure was the dominant influential factor on the
maximum grip strength, while the temperature had a slight effect.
This paper argues that because the time period of the maximum
grip strength test was too short, the finger temperature did not
reduce to a defined level of intolerance, and thus, would not affect
finger activities. Therefore, the contact of hand and glove due to
the glove stamping was the main reason of the decline of the grip
force.

Additionally, this paper argues that, for a long period of extra-
vehicular activity, certain thermal protective concern of the palm
side of the hand may be appropriate, which helps to improve the
comfort of the palm to maintain the grip ability of hand. However,
reducing the pressure inside the glove and improving joint struc-
ture are the main methods to solve the grip problem.

The circumstance of combined pressure and low temperature
has obvious effects on fatigue. Data showed that grip was basically
reduced 60—70%, and it even reduced to about 25% in experiment
IV, which showed that when astronauts were doing extravehicular
tasks, the main problem was the decline of tolerance capacity. From
the statistical analysis of EVA tasks, we found that more than 10
cases of extravehicular tasks explicitly mentioned cold extremities,
numb, and fatigue. For example, on 25 June 25 1993, at the 110th
World Extravehicular Activities, the astronauts from the US were
forced to suspend the extravehicular activity, because their hands
were cold, numb and painful (Zhang et al., 2011). We could be sure
that the astronaut's body quality was very good, because they had
already undergone strict training on the ground before the task. But
the low temperature in space was still beyond their expectations.
We are curious about what kind of roles the low temperature had.
The horizontal contrast of the results indicated that when the
ambient temperature is lower than 110 °C the effect of temperature
on working capacity is more obvious than that of pressure, which
seriously affected the assessment of fatigue. Especially in the
experiment IV, when the back side hand temperature decreased,
the amount of working capacity reduced by half of the control
provided by experiment II. The reason for this situation might be
due to loss of heat from the back side of the hand, which resulted in
an expedited decrease of fingertip temperature. This would cause
earlier termination of the experiment, and would further reduce
the number of working cycles. Therefore, for long-period extrave-
hicular missions, in addition to emphasis insulation of the palm
side of the hand, targeted thermal protection of the back-side of the
hand is also necessary to effectively enhance astronauts' working
duration and efficiency.
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5. Conclusions

From the system study of maximum grip strength and grip fa-
tigue of EVA gloves under combined factors (low-temperature,
pressurised condition), the following points provide a summary:

(1) The major effect of the maximum grip strength was the pres-
surised state of the glove, while temperature had a lesser effect;

(2) Low temperature and pressure might affect the working ca-
pacity of the astronauts. However, pressure mainly caused
fatigue, while temperature mainly affected the working time;

(3) Thermal protective performance of the back-side of hand had
a key role enhancing astronauts’ working time and their
tolerance capacity.
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The purposes of this study were (1) to investigate the relationship between muscle weakness and slip-
related falls among community-dwelling older adults, and (2) to determine optimal cut-off values with
respect to the knee strength capacity which can be used to identify individuals at high risk of falls. Thirty-

Keywords: six healthy older adults participated in this study. Their muscle strength (torque) was assessed at the
Fall prevention right knee under maximum voluntary isometric (flexion and extension) contractions. They were then
Treadmill moved to a special treadmill. After walking regularly five times on the treadmill, they experienced an

Lower extremity

identical and unannounced slip during walking on the treadmill with the protection of a safety harness.
Standardized fall-induction

This treadmill could be considered a standardized platform, inducing an unexpected slip. Accuracy of
predicting slip outcome (fall vs. recovery) was examined for both strength measurements (i.e., the
strength capacity of knee extensor and flexor) using univariate logistic regressions. The optimal cutoff
values for the two strength measurements were determined by the receiver operating characteristic
analysis. Results showed that fallers displayed significantly lower knee strength capacities compared to
their recovery counterpart (1.10 vs. 1.44 Nm/kg, p < 0.01, effect size Cohen's d=0.95 for extensor; 0.93 vs.
1.13 Nm/kg, p < 0.05, d=0.69 for flexor). Such results suggested that muscle weakness contributes to falls
initiated by a slip during gait. Our findings could provide guidance to identify individuals at increased
risk of falling using the derived optimal cutoff values of knee strength capacity among older adults.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Falls are a significant health and medical problem facing the
growing population of elderly (Tinetti, 2003). Slip-related falls
contribute about 40% of all outdoors falls among seniors, which
often cause serious injuries such as hip fractures (Luukinen et al.,
2000; Stevens et al., 2006). Logically, it is urgent to understand the
causes contributing to falls in order to develop efficient fall risk
assessment tools and to design effective interventions for
reducing falls.

Though it is well accepted that aging is associated with a
progressive decline in overall mechanical muscle function (Good-
paster et al., 2006; Skelton et al., 2002) and muscle weakness has
been implicated as a risk factor for falls, sound evidence regarding
the extent to which the muscle weakness directly and indepen-
dently relates to falls in older adults is largely lacking. The causal-
effect relationship between muscle weakness and falls among
older adults is still unclear. It was reported in one study that older

* Corresponding author. Tel.: 4+1 915 747 8228; fax: +1 915 747 7522.
E-mail address: fyang@utep.edu (F. Yang).

http://dx.doi.org/10.1016/j.jbiomech.2015.12.009
0021-9290/© 2015 Elsevier Ltd. All rights reserved.

fallers demonstrated less muscular strength (—15%) than their
non-faller counterpart (Perry et al, 2007). A meta-analysis also
concluded that muscle weakness should be one of risk factors
leading to falls in older adults (Moreland et al., 2004). However,
other studies showed minimal or no differences in strength
between fallers and non-fallers (Daubney and Culham, 1999; Lip-
sitz et al., 1994; Skelton et al., 1994). A recent review article sug-
gested that the evidence for the cause and effect link between
muscle function and balance performance in older population is
still weak (Orr, 2010).

Several possible reasons could contribute to such inconclusive
causal-effect connections between muscle weakness and falls.
First, the traditional self-report method collecting the real-life falls
utilized in previous studies is subjected to inaccuracy, bias, and
omission resulting from deteriorated memory or cognitive dys-
function in seniors (Moreland et al., 2004), and decreasing the
reliability of data on fall incidence (Jenkins et al., 2002). Second,
the physical activity level and the exposure to possible fall hazards
are factors affecting the likelihood of falling in older adults. The
self-report method does not account for these factors, possibly
leading to underestimation of actual fall counts (Graafmanc et al.,
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2003; Wijlhuizen et al., 2010). There could be a trade-off between
the exposure to fall hazards and the risk of falls among older
adults (Horlings et al., 2008). For instance, those who are physi-
cally inactive might be more prone to falls due to physical lim-
itations, but may also have the least exposure to conditions that
might induce falls; while the most active ones, who might be less
prone to falls, have high exposure to fall hazards leading to high
likelihood of falling. Third, the self-reported data often lack
information on the specific details (like types and circumstances of
falls) of the actual falls (Feldman and Robinovitch, 2006), which
could vary considerably from person to person. For example,
muscle strength may not be as effective for the falls resulting from
dizziness or orthostatic hypotension as for falls caused by external
perturbations (such as slips or trips). Without considering or
controlling for the circumstances of falls and level of the exposure
to fall hazards, it is very difficult, if not impossible, to precisely
investigate the relationship between muscle weakness and falls.

Last, the (retrospective or prospective) falls collection using self-
reported methods were usually a significant period (like months)
away from the evaluation of muscle strength (Horlings et al., 2008;
Moreland et al., 2004). As muscle strength/power decline is a serious
problem among older adults (Goodpaster et al., 2006; Skelton et al.,
2002), the muscle strength measured could be substantially different
from the one at the instant when the fall occurs. This mismatch
raises another major concern as to how accurately the findings
derived from the information collected at different time instants
reflect the real causal-effect linkage between fall incidences and the
muscle weakness. The only way to truly quantify the relationship
between muscle weakness and falls is to evaluate how all subjects
respond to the same gait perturbation administered in a controlled
laboratory condition and to evaluate the muscle strength perfor-
mance at the same time as the laboratory-induced falls.

Treadmills with the capability of exerting external perturbations
on human gait have been broadly used in fall-prevention related
studies towards both healthy adults and individuals with movement
disorders. For instance, special treadmills were employed to improve
balance compensatory responses during walking in young (Yang et
al., 2013) and older persons (Shapiro and Melzer, 2010). In another
study, an incremental speed-dependent treadmill was used to reduce
postural instability and fear of falling in persons with Parkinson's
disease (Cakit et al., 2007). These treadmills can produce a simulated
perturbation (either slip or trip) by suddenly altering the belt speed
when the subject is walking on it. The change in the belt speed can
be delivered in a precisely-controlled manner. As a result, the
intensity of the perturbation is identical across different trials and
different subjects. Therefore, this type of treadmill provides a stan-
dardized platform inducing the same gait perturbations for different
subjects. A standardized technique of creating slip perturbation allow
us to eliminate the effects of other possible confounding factors (like
the circumstance of a fall, duration between a fall and muscle func-
tion evaluation, etc.) on falls.

The purposes of this study were (1) to investigate the rela-
tionship between muscle weakness and slip-related falls among
community-dwelling older adults, and (2) to determine optimal
cutoff values with respect to the knee strength capacity which can

Table 1
The demographics and self-selected gait speed in mean + SD for both groups (fall
VS. recovery).

Groups Recovery (n=19) Fall (n=17) Pooled (n=36)
Age (years) 70.7 + 4.8 719+48 713 +47
Gender (male) 12 (63.2%) 5(29.4%) 17 (47.2%)
Height (cm) 168.1 +£9.7 161.7 + 11.3  165.1 +10.8
Mass (kg) 773 +11.7 745+21.8 76.0+17.0

Self-selected gait speed (m/s) 0.97 +0.26 0.80 +0.23 0.89+0.25

be used to identify individuals at high risk of falls. After being
measured for their muscle strength, all subjects were exposed to
an identical risk of slip-related falling during gait upon a treadmill.
We hypothesized that those who fell in response to the unex-
pected slip would demonstrate less knee muscle strength capacity
compared with their recovery counterpart. The findings from this
study could provide some guidance to develop effective muscle-
strengthening-based fall-prevention training paradigms.

2. Methods
2.1. Subjects and experimental protocol

Thirty-six healthy older adults (71.3 +4.7 years, Table 1) participated in the
experiment. All participants were free of any clinically significant history of mus-
culoskeletal disorders, neurological disorders, orthopedic conditions, and cardio-
vascular conditions. As a safety precaution, all subjects were also screened for a
significant cognitive impairment (Folstein et al., 1975) and an elevated risk of
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Fig. 1. Schematics of (a) the treadmill used to produce slip-like perturbation, and
(b) a representative profile of the treadmill perturbation for a slip trial with the
self-selected walking speed of 0.8 m/s and an acceleration of 8 m/s?. The slip trial
began with a 2-s ramp up (point A to B), followed by a steady state with a back-
ward-moving belt speed of 0.8 m/s (B to C). After 10-12 regular steps in the slip
trial, approximately 80-120 ms later than the touchdown of the leading foot, the
top belt was suddenly accelerated forward within 0.2 s (point C to D) without the
subjects’ knowledge. Following the slip perturbation, the top belt speed slowly
returned to backward direction at 0.8 m/s (point D to E). Subjects are protected by a
full-body safety harness during all trials on the treadmill. Full-body kinematics is
collected by a motion capture system from 26 reflective markers affixed to
subjects' body.
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b

Fig. 2. Images showing two possible slip outcomes: (a) fall and (b) recovery. Following the occurrence of the slip, subject in (a) lost the balance and fell backward after an
unsuccessful recover stepping. Approximately 84% ( > 30%) of her body weight was supported by the harness after the recovery stepping. Conversely, subject in (b) was able
to reestablish his balance by taking a recovery step. The peak load cell force was 12% ( < 30%) body weight.

fracture during the slip perturbation (Thompson et al., 1998). All of the participants
gave written informed consent which was approved by the Institutional
Review Board.

2.2. Evaluation of muscle strength

It has been reported that the knee muscle strength can be used to represent the
overall muscle strength among adults (Bohannon, 2008). Further, the important
role of knee joints in resisting slip-related falls has been analytically (Yang and Pai,
2010) and empirically proven (Cham and Redfern, 2001). Therefore, the strength
capacities (joint torque under isometric condition) were evaluated for all subjects
on their right knee upon an isokinetic dynamometer (Biodex System 3, Shirley, NY).
During muscle evaluations, subjects were seated in the dynamometer chair with
their trunk and right thigh stabilized with safety belts to avoid any movement. The
rotational axis of the dynamometer was aligned with the transverse knee-joint
axis. One end of a length-adjustable rigid lever arm for measuring the knee joint
was connected to the dynamometer. A shin pad in the other end of the lever arm
was placed to the distal end of the tibia.

Following a 5-min general warm-up exercise, all subjects were seated in the
testing position and were given a detailed explanation of the actions they would
perform during the test. They also underwent a practice session on the dynam-
ometer to experience the test conditions. During tests, subjects performed maximal
voluntary isometric contractions of knee extensors and flexors for three repetitions
each. The contractions lasted 7 s each and were separated by a 2-min rest interval.
The peak torque normalized to body mass (Nm/kg) was recorded as isometric
strength performance for each repetition. Three repetitions resulted in three peak
torques. The average value of these three peak torques was used for analysis.

2.3. Slip perturbation

Following the muscle performance assessment, all subjects took a 10-min break
and then stepped on a regular treadmill (Tracmaster, Newton, KS) over which each
subject's comfortable walking speed was determined (Table 1). They were then moved
to the ActiveStep treadmill (Simbex, Lebanon, NH) (Fig. 1a). They were informed that
they would be performing normal walking initially and a “slip-like” movement on the
treadmill “later” without knowing when and how that would happen. They were also
told to keep looking forward during walking, and to try to recover their balance
without grabbing onto the harness on any slip incidence, and then to continue walking.

After about five 15-s walking trials without slip perturbation on the treadmill,
participants were exposed to the slip perturbation. Following 10-12 regular steps
in the slip trial, approximately 80-120 ms later than the touchdown of the leading
foot, without the subjects' knowledge, the top belt suddenly accelerated forward
within 0.2 s, which induced a forward displacement of the subjects’ base of support
relative to their center of mass, generating an unexpected slip perturbation (Yang et
al., 2013). The perturbation level was the same for all subjects as the acceleration
being 8 m/s?, providing a standardized framework to induce falls (Fig. 1b). Each
subject underwent 14 slip trials in total. Only the first slip was analyzed in the
present study. Full body kinematics data from 26 retro-reflective markers placed on
the subjects’ body were gathered using an 8-camera motion capture system (Vicon,
Oxford, UK).

Upon all trials on the ActiveStep treadmill, a safety harness, connected by
shock-absorbing ropes at the shoulders to an overhead arch, was employed to
protect the subjects while imposing negligible constraint to their movement
(Fig. 1a) (Yang and Pai, 2011). A load cell (Transcell Technology Inc., Buffalo Grove,
IL) connecting to the ropes measured the force exerted on the ropes. The load cell
force was recorded and synchronized with the motion capture and the video
recording. Fall and recovery were two possible outcomes of a slip. Slip outcomes
were classified as falls when the peak load cell force exceeded 30% of body weight
and were unambiguously confirmed via visual inspection of recorded video (Yang
and Pai, 2011) (Fig. 2a). Otherwise, the slip outcome was a recovery.

2.4. Statistical analysis

Independent t-tests were employed to identify if the muscle performance
measurements (strength capacities of the flexor and extensor at right knee joint)
demonstrated significant outcome-related difference. The effect size (Cohen's d)
was also calculated for strength capacities to indicate the standardized difference
between falls and recoveries. Univariate logistic regression determined the influ-
ence, across all subjects, of the knee strength capacities upon the odds of falls in
response to the slip over treadmill. Predictive accuracy of the knee strength in
classifying subjects as fall or recovery was assessed using sensitivity and specificity.
Sensitivity was the proportion of those who were correctly classified as falls to all
subjects who actually fell when experiencing the slip on the treadmill. Specificity
equaled the proportion of all actual recoveries correctly classified as a recovery.
Odds ratios were also calculated for each predictive variable based on the logistic
regression coefficient and its standard deviation (SD) across all subjects. The
optimal cutoff point for knee strength capacities (both extensor and flexor) to
predict the slip outcome was identified by the receiver operating characteristic
(ROC) analysis and Youden Index. The ROC curve illustrated sensitivity and speci-
ficity of knee strength capacities to predict the slip outcome upon the treadmill.
The Youden Index was calculated as the difference between the sensitivity and
1 minus specificity. The best cutoff point for the knee strength capacities to predict
slip-initiated falls was defined as the value which maximized the Youden Index. All
statistics were performed using SPSS 22.0 (IBM, Armonk, NY), and a significance
level of 0.05 was used throughout.

3. Results

All subjects experienced a balance loss in response to the
unannounced slip. Seventeen subjects (47.2%) fell and 19 recov-
ered successfully upon the slip induced on the treadmill. The knee
strength capabilities in both directions were significantly lower
among fallers than among those who did not fall (Fig. 3, p < 0.01
for extensor and p < 0.05 for flexor). The effect size Cohen's d was
0.947 and 0.689 for extensor and flexor, respectively, indicating a
high practical significance (Table 2).

The knee extensor strength capability achieved significant level
(p < 0.01) in predicting slip outcome with sensitivity of 64.7% and
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specificity 68.4% (Table 2). The overall prediction accuracy was
66.7% for knee extensor strength capacity. The flexor strength
capacity was able to predict the slip outcome with an overall
accuracy of 61.1% (p=0.052). The probability of falling upon the
unexpected slip based on knee joint strength capacities can be
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Fig. 3. Comparisons of the maximum voluntary strength (or torque) of the knee
extensor and flexor under isometric contraction condition between falls and
recoveries. Both muscle measurements are normalized to body mass. **p < 0.01;
*
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Fig. 4. Logistic regression in which the probability of fall from an induced slip on
the treadmill is predicted using (a) knee extensor strength capacity and (b) knee
flexor strength capacity.

Table 2

calculated by the following expressions: p(fall)=m
for extensor and p(fall) = - —w'zwme for flexor (Fig. 4). A
decrease of 1SD (=0.36 Nm/kg across all subjects) in knee
extensor strength capacity increased the probability of falling 3.23
times (Table 3). A decrease of 1SD (=0.29 Nm/kg) of knee flexor
strength capability raised the odds of falling by a factor of 2.30
(Table 3). Both predictive models reached good classification as
evidenced by the large area under the ROC curves (0.780 for
extensor and 0.693 for flexor, Fig. 5a). Youden index indicated that
the optimal cutoff values to classify fallers and those who did not
fall were 1.05 and 1.10 Nm/kg for knee extensor and flexor,
respectively (Fig. 5b).

4. Discussion

The results supported our hypothesis that muscle weakness
associates with slip-related falls among older adults as evidenced
by the significantly lower knee joint muscle strength capacity
among fallers than among those who did not fall (Fig. 3). The
optimal cutoff value of the knee muscle strength which could be
used to identify those who are susceptible to high risk of falling is
around 1.05-1.10 N m/kg.

The present study adopted a special treadmill which provides a
standardized platform to expose all subjects to an identical-
intensity slip perturbation during gait. Falls in response to the
slip were identified by an objective criterion based on the mea-
sured load cell force. Furthermore, the muscle strength was eval-
uated at nearly the same time as when falls occurred. Conse-
quently, any possible inaccuracy, bias, or ambiguity resulting from
self-report methods of collecting real-life falls could be reduced or
even eliminated in this study. The findings from this study could
offer us a more accurate causal-effect link between the muscle
weakness and falls among older adults than previous studies on
account of self-reported fall-collection approaches.

Our results indicated that muscle weakness, particularly the
knee strength capacity on both directions (extension and flexion),
is related to slip-related falls in gait among older adults. Specifi-
cally, fallers demonstrated significantly less maximum knee
strength in comparison to those who did not fall (p <0.01 for
extensor and p < 0.05 for flexor, Fig. 3). A unit decrease in knee
extensor strength capacity would increase the odds of slip-related
fall by a factor of 3.23. Similarly, the probability of falls after a slip
ascends 2.30 folds if the knee flexor strength capability decreases
by a unit. Our finding lends further support to previous studies

Table 3
0Odds ratio for slip-related falls for both knee strength measurements.

Predictor SD (Nm/kg) QOdds ratio * 95% Cl
Extensor 0.357 3.23 1.78-5.87
Flexor 0.287 230 1.27-4.18

*: The odds ratio indicates the factor by which the fall probability increases with a
decrease of 1SD in the predictor across all subjects.
CI: confidence interval.

Prediction sensitivity, specificity, and likelihood ratio of slip outcomes (fall vs. recovery) from logistic regression analyses based on two predictive variables: strength capacity
of knee extensor and flexor. Also shown is the effect size (Cohen's d) for each predictor. (CI: confidence interval).

Predictor Sensitivity Specificity Overall prediction (%) Likelihood ratio p value Effect size
Value (% fall) 95% CI (%) Value (% recovery) 95% CI (%) Value 95% CI

Extensor 64.7 41.3-82.7 68.4 46.0-84.6 66.7 2.05 0.97-4.33 0.009 0.947

Flexor 58.8 36.0-78.4 63.2 41.0-80.9 61.1 1.60 0.79-3.25 0.052 0.689
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Fig. 5. The receiver operating characteristic (ROC) curve illustrating sensitivity and specificity of knee strength capacities of (a) extensor and (c) flexor to predict the slip
outcome upon the treadmill. The area under curve (AUC) is 0.78 and 0.69 for knee extensor and flexor, respectively. Also shown is the change in the Youden Index values with
(b) knee extensor and (d) knee flexor strength capacity ranging from 0.5 to 2.0 N m/kg. The Youden Index is calculated as the difference between the sensitivity and 1 minus
specificity. The best cutoff point for the knee strength capacities to predict slip-initiated falls was defined as the value which maximized the Youden Index. In the present
study, the best cutoff value for knee extensor strength is 1.05 N m/kg and 1.15 N m/kg for knee flexor.

which reported that muscle weakness is a key contributor to falls
among older adults though the falls collection was based on the
traditional self-report method (Horlings et al., 2008; Moreland et
al., 2004).

Previous studies have found that repeated slip exposures could
rapidly reduce the probability of slip-related fall within several
trials among older adults (Marigold and Patla, 2002; Parijat and
Lockhart, 2012). Such rapid reduction in falls within minutes, by
no means, can be attributed to increases in strength, further
implying that muscle weakness might not be related to falls,
which seems contradictory to the findings of the present study.
Such a contrast can be attributed to the differences in experi-
mental protocols. During repeated slip exposure, the quick
reduction in fall incidences were rather due to rapid proactive and
reactive adjustments of the body posture and gait pattern to slip
resulting from the prior slip experience (Marigold and Patla, 2002;
Yang and Pai, 2013). The findings from the present study were,
however, derived from the subjects' first exposure to a real-life like
slip perturbation. All subjects had no experience of recovering
from a slip or fall.

The link between muscle weakness and slip-related fall inci-
dences could be explained by the necessary body reactions after a
postural perturbation during gait. After a slip, to regain body
balance and further prevent an actual fall, one must generate
timely and sufficient corrective reactions during the recovery
stepping (Cham and Redfern, 2001; Yang et al., 2009). Two major
reactions to a slip perturbation have been reported previously
(Cham and Redfern, 2001; Moyer et al., 2009). One reaction is a
knee flexor moment which has the potential to drag the base of
support towards the body's center of mass. Such reaction improves
the dynamic stability and increases the chance of successfully
recovering from the unexpected perturbation (Cham and Redfern,
2001; Yang and Pai, 2010). Another reactive response is the
extensor moment from the recovery leg providing sufficient anti-
gravity support to prevent a limb collapse (Cham and Redfern,
2001; Pai et al., 2006). If one can produce great muscle strength,

the chance to retard and even reverse the falling after the slip
would increase, reducing the probability of falling.

Through further investigation of the knee muscle strength
capacities, we proceeded to the determination of cutoff values that
would be statistically successful in predicting elderly fallers and
non-fallers when exposed to an unexpected fall. These threshold
values appeared to be 1.05 Nm/kg for the knee extensor and
1.10 Nm/kg for knee flexor (Fig. 5). Based on the predictive models,
one whose knee muscle strength is above the thresholds would
have small probability of slip-related falls. Therefore, these cutoff
values could become a target for any muscle strengthening
programs.

Though our findings indicated that muscle weakness is a lim-
iting factor for balance recovery after a slip perturbation among
older adults, the question remains whether slip-related falls can be
reduced or prevented by targeting this factor through exercise-
based muscle strengthening interventions. To date, outcomes from
strength training programs for individuals with high risk of falls
are still inconsistent or even controversial (Melzer et al., 2004; Orr,
2010). It has been proposed that exercise interventions with
muscle strengthening can reduce falls (Barnett et al., 2003).
However, other studies indicated that muscle strengthening
exercise is not effective to reduce falls (Lipsitz et al., 1994; Lord et
al., 1995) and a meta-analysis found no coherent effect of strength
training on falls in older adults (Horlings et al., 2008). Such mixed
outcomes from exercise-based strengthening training could also
be associated with the inaccuracy of collecting falls using a self-
report method, the temporal delay between instants when col-
lecting falls and when assessing muscle strength, and the exposure
level to potential fall hazards. Therefore, to uncover the actual
causal-effect link between muscle strengthening and fall reduc-
tions among older adults, a standard platform (like the treadmill
used in the present study) to expose all subjects to the identical
fall hazard is highly desired.

Our study has limitations. First, muscle functional performance
was only assessed at the knee joint since knee joints play a critical
role in resisting slip-related falls (Cham and Redfern, 2001; Yang
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and Pai, 2010). Both hip and ankle joints are also essential to
recover the balance from a slip (Liu and Lockhart, 2009). It is
unknown if the finding from this study could be generalized to
these two joints. Given the fact that the knee muscle strength can
be used to characterize the overall limb muscle strength (Bohan-
non et al., 2012), it is reasonable to speculate that the finding of
this study based on the knee joint could be applied to other lower-
limb joints as well. Second, only the right knee was assessed in the
present study. This may affect the interpretation of our results.
However, given the symmetry of the knee muscle strength
between legs among healthy adults (Bohannon et al., 2012), such
an effect could be limited. Third, muscle activities of knee exten-
sors and flexors were not measured during strength tests and the
slip perturbation. Hence, we were unable to further testify our
findings by examining the muscle activity between groups. Last,
our findings could be further verified by designing a longitudinal
study. Specifically, we can monitor if a faller in the present study
could recover their balance when encountering an identical slip
after undergoing a muscle strength training program. All of these
issues warrant our further investigations. Despite the limitations,
our study, as the first known one in which the older adults were
exposed to a large-scale treadmill-induced slip perturbation in
gait, sheds light on the relation between muscle weakness and fall
incidences among elderly.

In summary, the results of this study suggested that muscle
weakness is related to slip-related falls among community-living
older adults and the threshold value of the knee muscle strength
which could identify those with high risk of falls is around 1.05-
1.10 N m/kg. Theoretically, fall incidence can be reduced by firstly
identifying the biomechanical factors that contribute to fall and
then develop effective interventions to prevent falls. Findings from
this study provide insights into these two aspects by providing a
possible tool to target individuals with elevated fall risk and a
practical basis to develop fall prevention training programs based
on muscle strengthening.
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This study developed an ergonomic evaluation system for the design of high-altitude partial pressure
suits (PPSs). A total of twenty-one Chinese males participated in the experiment which tested three types
of ergonomics indices (manipulative mission, operational reach and operational strength) were studied
using a three-dimensional video-based motion capture system, a target-pointing board, a hand dyna-
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mission planners, suit designers and engineers to design equipment for human use, and to aid in
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assessing partial pressure suits.

© 2014 Elsevier Ltd and The Ergonomics Society. All rights reserved.

1. Introduction

Personal protective clothing (PPC) is equipment used to ensure
the safety of wearers in extreme environments, such as high alti-
tude, low-pressure conditions for pilots and high-temperature
environment for firefighters. Williams et al. (1997) performed a
series of experiments to study the influence of chemical protective
clothing during various activities of sailors. When they marched at
medium speed with heavy backpacks, it was found that the
chemical protective clothing not only limited their flexibility and
field of vision but also decreased cognitive performance, including
prolonged reaction time and increased number of physical and
cognitive errors.

In order to evaluate the performance of a new style of protective
suit for firefighters, Coca et al. (2008) studied a series of ergonomics
indices, such as the wearer's range of movement, ability to
accomplish tasks, and comfort. They analyzed the ergonomic
qualities of the clothing by comparing the variation of each

* Corresponding author. Tel./fax: +86 10 82339614.
E-mail addresses: ding1971316@buaa.edu.cn, lixianxue@hotmail.com (L. Ding).

http://dx.doi.org/10.1016/j.apergo.2014.08.021
0003-6870/© 2014 Elsevier Ltd and The Ergonomics Society. All rights reserved.

ergonomics index under two conditions: wearing a new prototype
firefighter ensemble (PE) with additional chemical/biological haz-
ard protection and a standard ensemble (SE). They found that in
spite of design features to enhance chemical/biological hazard
protection, the PE design does not decrease the wearer's overall
functional mobility compared to the SE. However, subjects seem to
be more comfortable wearing the SE compared to the PE. These
overall findings support the need for a comprehensive ergonomic
evaluation of protective clothing systems to ascertain human fac-
tors issues. Berson (2002) found that pressurized clothing restricts
the wearers' movement when inflated, affecting control of the
ambulance and ability to perform emergency operations.

In order to increase the ability of pilots to efficiently fly within a
U-2 cockpit, movement-related indices should be considered in the
design phase of PPS. O'Hearn et al. (2005) studied the influence of
Army cold weather clothing's operating dexterity as well as phys-
ical security and comfort. Based on their research, they established
ergonomics evaluation methods and an ergonomics index. How-
ever, this clothing is used on the ground environment and is very
different with pilot's PPS. Partial pressure suits (PPSs) are one type
of personal protective clothing designed to ensure the safety of
pilots when flying at high altitudes (Hu et al., 2008b). A PPS is worn
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Nomenclature
PPC personal protective clothing
TP target pointing

PDV pull down the veil
DBL drawing-back a leg

(@] controlling-joysticks

AT accomplishing time of task
B buttons

BS buttons and switches
RWRA  right wrist bar thumb side

RWRB  right wrist bar pinkie side
RKNE  right knee

RANK  right ankle

LELB left elbow

RELB right elbow

RSHO  right shoulder

TP1 AT of right arm with B group for TP

TP2 AT of left arm with BS group for TP

TP3 AT of right arm with BS group for TP

TP4 inverse orientation AT of right arm with BS group for TP

PPS partial pressure suit
PDV1 movement of RWRA for PDV
DBL1 flexion angle of RKNE joint for DBL

DBL2 movement of RANK for DBL

i pushing forward of RWRA for CJ

CJ2 pushing left of RWRA for CJ

3 pushing right of RWRA for CJ

RS1 maximum vertical movement of RELB for lateral lift

RS2 maximum vertical movement of RELB for forward
extension

RS3 maximum vertical movement of RELB for backward
extension

RS4 maximum horizontal movement of RELB for adduction

RS5 maximum horizontal movement of RELB for abduction

RS6 range of motion of RSHO in the coronal plane

RE1 motion angle of RELB joint

RH1 movement of RKNE

RH2 range of motion of right hip joint
RW1 movement of LELB

RW2 movement of RELB

GS1 maximum grip strength

by pilots to protect them from both high altitude hypoxia and hy-
perventilation. It is a potentially life saving piece of equipment
when coupled with a high-altitude oxygen-supply protection sys-
tem (Kozloski, 1994). A PPS utilizes the mechanical forces and er-
gonomics of the clothing to provide counter pressure for the body
surfaces. As a result, the negative effects on the body from a pres-
surized oxygen-supply can be reduced, providing greater endur-
ance (Berglund and Marklund, 2005).

In recent years, with the improved performance of fighter
planes, the protective capability requirements of PPS have
increased as well, leading to concerns about the tradeoffs between
a PPS's function and efficiency (Farevik and Eidsmo Reinertsen,
2003; Murray et al., 2011). Ergonomics research on high-altitude
partial pressure suits (PPSs) can provide evidence to develop an
optimal ergonomics index that can be used to evaluate the design
of PPS. Past research (Adams and Keyserling, 1996; Hu et al., 2008a,
2007; Liu et al., 1998) on PPS neglected two vital aspects: (1) The
lack of a valid index system for PPSs based on engineers' design of
safe and ergonomic protective wear. To date, there have been no
studies researching indices based on human mechanics and anat-
omy. Therefore, it is useful to establish an integrated and valid er-
gonomics evaluation index system for PPSs that is primarily based
on the environment, cockpit layout, flight operation tasks, human
mechanics and anatomy. (2) The lack of research on optimization of
a PPS ergonomics evaluation index. In order to increase efficiency
while minimizing the costs and time for PPS evaluation, it is
essential to optimize an index system to increase its practicality and
functionality.

The present study focuses on optimization of an ergonomics
evaluation index system. This system has three interrelated levels.
Level 1 includes three ergonomics indices, level 2 includes 10 er-
gonomics indices and level 3 includes 23 ergonomics indices. Since
there are many indices in this system, it would be too time-
consuming to measure and analyze all of them, especially since
some of them cannot be measured in a limited time frame. For
example, when a PPS is pressurized, the wearer has only a short
time before breathing becomes a problem due to external positive
pressure, which would make it difficult to complete the required
measurements. Therefore, the present research optimized the er-
gonomics evaluation index system using regression and fitting

analysis. In this way it provided a more convenient and efficient
way to evaluate the ergonomics performance of PPS.

A series of ergonomics experiments on PPSs were conducted to
establish this systematic evaluation to improve the flight perfor-
mance of pilots, their ability to perform tasks efficiently in a PPS
and the ergonomics design of the human—machine interface in an
aircraft cockpit.

2. Methods
2.1. Subjects

Based on pilot recruitment standards of China, twenty-one
healthy right-handed Chinese males were recruited for this study.
Females were not recruited since most pilots in China are male. The
demographics and anthropometric parameters of the subjects are
listed in Table 1.

2.2. PPS

Two different types of clothing were tested: conventional
clothing (CC) and the partial pressure suit (PPS). The casual attire
consisted of shorts and a vest, while the PPS was a capstan anti-G
and counter pressure suit widely used by pilots (Fig. 1).

Table 1

The mean anthropometric data for all of the subjects.
Items Mean Std. Min. Max.
Age (yr.) 23.14 1.20 21 25
Height (cm) 169.48 2.73 165 175
Weight (kg) 62.52 4.99 56 77
Leg length (cm) 90.81 2.93 84 97
Lower leg length (cm) 39.86 2.67 34 44
Shoulder width (cm) 40.52 1.57 38 44
Knee width (cm) 9.89 0.93 9 13
Ankle width (cm) 6.37 0.63 5 8
Chest circumference (cm) 91.71 4.15 84 101
Thigh upper circumference (cm) 55.24 2.55 50 60
Trunk upright circumference (cm) 166.19 5.09 158 176
Upper arm length (cm) 31.24 1.95 28 34

Lower arm length (cm) 25.38 0.74 24 27
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2.3. Ergonomics indices

The ergonomics indices considered in this study, shown in
Table 2, were established from the studies of Hu and Li (Hu et al.,
2007, 2008b; Li et al,, 2013). All of the following indices have
been shown to be effective for measuring the performance of PPSs.
These indices can be classified into three levels. Level 1 includes
three indices (dexterity for tasks, operational reach, and opera-
tional strength); Level 2 consists of ten ergonomics indices ranging
from end-effort pointing performance to range of motion of the
shoulder; and Level 3 is comprised of twenty-three elementary
ergonomics indices including micro-movement analysis of a timed
finger pointing exercise, a timed range of motion test for the
movement of knees, and the time to vertically displace the elbow.
In this study the functional relationships among ergonomics
indices and the three levels were analyzed.

2.4. Apparatus

2.4.1. Motion capture system

We utilized a three-dimensional video-based motion capture
system (VICON460, England). Six infrared cameras were placed in a
circle, which encompassed a full range view of all actions. The
acquisition sample rate was 120 Hz. The equipment consisted of
hardware (computer workstation, video cameras, etc.) and soft-
ware applications systems (Polygon, Bodybuilder, for example)
used to record and analyze body movements. Motion capture in-
volves recording these movements via infrared video cameras and
then reproducing them in a digital environment.

2.4.2. Target-pointing board
A mock-up of a real cockpit made up of a flat rectangular board
with five buttons and four switches (Fig. 2) was used to simulate a

Fig. 1. Partial pressure suit.

Table 2
The ergonomics evaluation index system for PPSs.

Ergonomics indices  Ergonomics indices Ergonomics indices Unit

of level 1 of level 2 of level 3
Manipulation Target pointing/TP TP1 s
missions TP2 s
TP3 s
TP4 s
Pull down the veil/PDV PDV1 mm
Drawing-back the legs/DBL DBL1 deg
DBL2 mm
Control of the joystick/CJ a1 mm
2 mm
ds3 mm
Operational reach ROM of shoulder joint/RS RS1 mm
RS2 mm
RS3 mm
RS4 mm
RS5 mm
RS6 deg
ROM of elbow joint/RE RE1 deg
ROM of hip joint/RH RH1 mm
RH2 deg
ROM of waist joint/RW RW1 mm
RwW2 mm
ROM of knee joint/RK RK1 deg
Operational strength  Grip strength/GS GS1 kg

flight mission. The board was fixed on a table with a gradient angle
of 17° from the vertical plane. The length and width of the board
were 800 mm and 600 mm, respectively.

2.4.3. Hand dynamometer

A standard hand dynamometer (WCS—100II), composed of a
sensor and digital display unit, was used to measure maximum grip
strength. The scale spanned a range from 0 to 100 kg, with a pre-
cision of 0.1 kg.

[ . ()

©
(%
©
©
©

Fig. 2. Target-pointing board.
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2.5. Experimental set-up and anthropometric landmarks

All tests were conducted at the Man-Machine-Environment
System laboratory at Beihang University. Every subject completed
the spectrum of tests randomly wearing both conventional clothing
and a PPS. The subjects were given a 1-h rest period between tests,
during the rest period, the subjects were required to sit or stretch
their limbs and joints to relax their body. Each subject sat with an
erect posture in the center of the motion capture area. The seat
height and seat surface inclination are set similar with the seating
in the cockpit. The anthropometric dimensions of the subject were
measured prior to the experiment and used to select the appro-
priate PPS clothing size. After donning the PPS, the subject main-
tained the required sitting posture. Then a qualified laboratory
assistant adjusted the PPS to ensure a proper fit. Finally, 39
reflective markers were attached to the subject by the assistant,
each corresponding to an anatomical landmark. Fig. 3 shows the
marker positions for an entire body capture. Formal tests were
carried out after these preparations and each test was performed 3
repetitions. The detailed testing procedure has been previously
described by Hu et al. (2008b).

2.6. Experimental design

2.6.1. Dexterity for tasks

2.6.1.1. Target pointing. Two types of tests were performed in order
to optimize the ergonomics indices for PPSs on tasks with different
levels of complexity. The subjects were divided into two test
groups. The B group was placed in front of five buttons, while the BS
group negotiated five buttons and four switches. The BS group's
tests measured flexibility of the left and right arm and range of right
arm extension, while the B group's tests measured the flexibility
and extension of the right arm only. The tests required the subject
to sit in front of a target-pointing board with his arm on an armrest.
The subject was required to maintain erect posture at all times
during the test. We measured the time taken to fully extend his
arm, press down targets as quickly as possible, and then pull back

RSHO LSHO

RUPA o

RWRB
RWRA

LWRB
LWRA

RTOE LTOL

his arm to the initial position. These actions were repeated five
times and the subject was asked to not only touch the targets but
also press down the buttons or accurately manipulate the switches.
This test was designed based on the panel operations task. The time
required to accomplish all tasks was defined as the accomplishing
time of the task (AT). The following tests took place: The B group
was required to point at a target with the right arm (TP1); The BS
group pointed at a target with the left hand (TP2); The BS group
pointed at a target with the right hand (TP3), while TP4 measured
the inverse orientation time of pointing at a target with the right
arm for the BS group.

2.6.1.2. Adjustment of the helmet. In the event of ejection from the
cockpit, the pilot must be able to adjust his or her helmet. In this
experiment the subject was asked to raise both arms as high as
possible and then pull them down as far as possible. The test var-
iable, defined as pulling down the veil (PDV1), was the maximal
movement of right wrist bar little finger side (RWRB) (Fig. 4a).

2.6.1.3. Drawing-back the legs. This task was designed to measure
the peak leg extension required to reach the rudder pedals and to
determine if the PPS impeded the ability to bring the legs close to
the seat when preparing for ejection. Both legs were first placed in a
standard position where the relative angle of the thigh and lower
leg was at 90°. Then the subject attempted to extend both legs and
draw them back till the knees reached their maximum angle. These
two test variables are shown in Fig. 4b.

2.6.1.4. Control of the joystick. While sitting upright, the subject
was asked to push a joystick forward, then left, then right. Fig. 4c
displays the three test variables: pushing forward of right wrist bar
thumb side (CJ1), pushing left with the right wrist thumb bar side
(CJ2), pushing right with the wrist bar thumb side to control the
joystick (CJ3).

LBHD f

LSHO s

LUPA ¢

LELB

& RWRB
RWRA

LWRB ™ 4
LWRA

Fig. 3. Locations of the 39 reflective markers.
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Fig. 4. Test variables of the manipulative missions for a) adjusting the helmet, b) drawing-back the legs and c) control of the joystick.

2.6.2. Operational reach

2.6.2.1. Range of motion of the shoulder. Measurements of the range
of motion index included right arm lateral lift, fore/aft extension
and adduction/abduction. The subject moved his arm in the spec-
ified plane without rotation while performing these tasks. The six
test variables are shown in Fig. 5a.

2.6.2.2. Range of motion of the elbow. Keep the subject's upper arm
extended downward and the range of motion of the elbow was
measured when the subject was asked to move his forearm until
the elbow reached its maximal flexion angle. Fig. 5b gives the
definition of the test variables.

2.6.2.3. Range of motion of the hips. At first, the subject kept his
right foot on the ground and his right knee joint at a 90° angle. Then
the subject raised his right leg as high as possible.

2.6.2.4. Range of motion of the waist. Starting from an erect sitting
position, the subject bent his waist laterally to the left and then to
the right as far as possible without twisting.

2.6.3. Operational strength

2.6.3.1. Grip strength. While sitting with erect posture, the subject
reached out with his right hand and grasped the hand dynamom-
eter as firmly as possible (Fig. 6a).

2.6.3.2. Step-tread strength. While keeping the torso erect, the
subject extended his right leg to step on the tread sensor (Fig. 6b).

2.7. Statistical analyses

The relationships between ergonomics indices were obtained
via linear regression analysis using the statistical packages SPSS
12.0 and OriginPro7. The significance level was set at p < 0.05.

3. Results and validation

Tests validated whether or not the indices were significantly
associated with PPS compared to conventional clothing (CC).
Table 3 shows these comparison for each index variable. Results
indicated that all the index variables were significantly affected by
the use of the PPS (p < 0.01). The relationships among the indices
were examined using regression analysis.

To validate whether or not the optimized ergonomics index
system can efficiently evaluate the ergonomics performance of PPS
a study which tested the range of motion, operational dexterity and
grip strength of ten male subjects wearing PPSs under six different
pressure conditions was conducted to determine their effects on
pilots' operational performance using the optimized ergonomics
index system.
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d

Fig. 5. Test variables of operational reach for ROM of a) shoulder joint, b) elbow joint, c) hip joint and d) waist joint.
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Fig. 6. a) Grip strength. b) Step-tread strength.

3.1. Statistical analysis on ergonomics indices of level 3

3.1.1. Ergonomics indices of target pointing

From the scatter plots of the BS group pointing at a target with
the right index finger (TP3) versus pointing with the left index
finger (TP2) and the inverse orientation of time to point with the
right index finger (TP4) (Fig. 7), it is clear that both TP2 and TP4
were linearly related to TP3. TP3 can be considered as the inde-
pendent variable of x, and TP2 and TP4 were the dependent vari-
ables of y1 and y», respectively. The correlation coefficient for TP2
and TP3 was r; =0.894 > rg01(n — 2) (p < 0.001), indicating that an
effective functional relationship exists between TP2 and TP3. The
correlation coefficient of TP3 and TP4 was r, = 0.992 and p < 0.001.
In contrast, TP1 is not significantly linearly related to TP2, TP3 and
TP4.

3.1.2. Ergonomics indices of drawing-back the legs

Fig. 8 shows that the flexion angle of the right knee for drawing
back the leg (DBL1) was linearly related to movement of right ankle
for drawing back the leg (DBL2) (r = 0.06, p = 0.005 < 0.01).

Table 3
The statistical experimental data for PPSs.

Assuming DBL2 was the dependent variable of y and DBL1 was the
independent variable of x, then DBL1 was significantly associated
with DBL2. Using this equation, DBL2 can be derived from DBL1.

3.1.3. Ergonomics indices of control of the joystick

Pushing forward of right wrist bar thumb side to control a
joystick (CJ1), pushing left with the right thumb bar side (CJ2) and
pushing right wrist bar thumb side (CJ3) were found to be corre-
lated. In our linear regression models (Fig. 9) the independent
variable of x was CJ3; the dependent variables of y; and y, were CJ1
and (]2, respectively. The results of the linear regression and
variance analysis showed that C]J1 and CJ2 were positively corre-
lated with CJ3. The results showed that CJ3 and CJ1 were signifi-
cantly linearly correlated (r = 0.634, p = 0.00202 < 0.01), indicating
that this equation would be useful as a predictive model. A positive
correlation was found between CJ2 and (J3 (r = 0.639, p < 0.01).

3.1.4. Ergonomics indices of ROM of the shoulder
3.1.4.1. Maximum vertical movement of the right elbow for lateral lift
(RS1) and maximum angle of motion of the right shoulder (RS6).

Ergonomic indices Ergonomic indices Ergonomic indices Unit Experimental data
of level 1 of level 2 of level 3 cce PPS
Manipulation missions Target pointing/TP TP1 s 6.83 + 1.45 7.20 + 1.68**
TP2 S 13.55 + 1.39 14.92 + 1.58**
TP3 s 13.77 + 1.97 14.90 + 1.81**
TP4 s 12.96 + 2.06 13.95 + 1.75**
Pull down the veil/PDV PDV1 mm 1069.13 + 40.37 972.76 + 50.69***
Drawing-back the legs/DBL DBL1 deg 125.80 + 15.46 109.07 + 9.54***
DBL2 mm 645.10 + 61.63 624.25 + 56.96***
Control of the joystick/C] 1 mm 186.00 + 42.64 160.50 + 36.87***
Q)2 mm 223.69 + 32.75 182.51 + 28.69***
Q3 mm 299.70 + 49.27 270.55 + 53.66***
Operational reach ROM of shoulder joint/RS RS1 mm 612.62 + 33.33 548.78 + 46.14***
RS2 mm 600.62 + 33.33 549.63 + 32.47***
RS3 mm 163.58 + 50.96 145.90 + 49.74**
RS4 mm 330.51 + 45.26 291.85 + 43.98***
RS5 mm 277.65 + 68.59 231.50 + 62.25***
RS6 deg 134.72 + 951 114.89 + 14.64***
ROM of elbow joint/RE RE1 deg 117.40 + 5.44 107.82 + 625***
ROM of hip joint/RH RH1 mm 323.73 + 43.65 268.36 + 45.70***
RH2 deg 49.79 + 7.30 36.98 + 9.07***
ROM of waist joint/RW RW1 mm 139.06 + 32.13 116.79 + 27.89***
RW2 mm 157.69 + 36.05 129.42 + 32.14***
ROM of knee joint/RK RK1 deg 125.80 + 15.46 109.07 + 9.54***
Operational strength Grip strength/GS GS1 kg 42.89 + 5.40 41.26 + 5.35**

The data are described in the form of Average and STDEV (X+s).
Compared with ®the control group, *p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 7. Scatter diagram and regression lines of TP2, TP3 and TP4.

These aspects were both used to examine the right arm's lateral lift.
They represented linear and angular movement when measuring
the shoulder's ROM.

In Fig. 10 they axis was range of motion of the right shoulder
(RS6) and the x axis was vertical movement of the right elbow
(RS1). By linear regression and variance analysis, the second vari-
able was significantly positively associated with the first (r = 0.722,
p = 0.0002 < 0.001).

3.1.4.2. Maximum vertical movement of the right elbow for lateral lift
(RS2) and maximum vertical movement of right elbow for backwards
extension (RS3). No significant correlation was found between RS2
and RS3. Therefore, one variable cannot be used to predict the
other.

3.14.3. Maximum horizontal movement of the right elbow for
adduction (RS4) and maximum horizontal movement of right elbow
for abduction (RS5). The scatter plot of RS4 and RS5 is shown in
Fig. 11. They are defined as the independent variable of x and the
dependent variable of y, respectively. An effective functional
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Fig. 9. Scatter diagram and regression lines of CJ1, CJ2 and CJ3.

relationship was obtained through linear regression and variance
analysis between RS4 and RS5 (p = 0.04 < 0.05). Note that r was
only 0.451.

3.1.5. Ergonomics indices of ROM of the hips

As seen in Fig. 12, movement of the right knee (RH1) and range
of motion of right hip (RH2) tend to be linearly correlated. RH1 is
denoted by x while RH2 by y (r = 0.8626, p = 0.0001).

As shown in Fig. 5d, movement of left elbow (RW1) and
movement of right elbow (RW2) are the indices used to measure
the left and right bending of the waist by VICON460. The scatter
plot (Fig. 13) revealed a linear relationship between them. RW2, the
independent variable of x, was linearly correlated with RW1
(r=0.764, p < 0.001).

3.2. Statistical analysis on ergonomics indices of level 2

3.2.1. Target pointing (TP) and right elbow (RELB)

TP could be correlated with RE, due to the kinematic process of
the elbow extending to place the hand in a position near the target
to allow extension of the finger into a pointing position. Because
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the other indices of TP are linearly correlated to accomplishing of
task time using the right arm with the B group for target pointing
(TP3), we chose TP3 and the motion angle of the right elbow (RE1)
from level 3 as the variables that represent TP and RE from level 2.
Fig. 14 reveals that TP3 and RE1 are linearly correlated. We used x
and y respectively to denote RE1 and 1/TP3. The regression coeffi-
cient was r = 0.775 and p = 0.041 < 0.05. The equation shows that
any of the two variables can predict the other within the model.

3.2.2. Pull down the veil (PDV) and maximum vertical movement of
RELB for forward extension and maximum vertical movement of
RELB for forward extension (RS)

PDV involves a complex combination of various types of motions
including the shoulder, elbow, and wrist. We hypothesized that
PDV would be correlated with the right shoulder (RS) and right
elbow (RE). However, regression analysis indicated that there was
no significant relationship between PDV and RE, which may be
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Fig. 12. Scatter diagram and regression line of RH1 and RH2.

220
200 a RW1
—— y=31.342+0.661x .
180 |
160 | -
F n | | //,/
g Mor - = .
o n
< 1201 ,,l/'/'
I L R L
[ ] [ ]
100 [ - /
- / .
g0 ®
i | ]
60 |-
" 1 " 1 " 1 " 1 " 1 " 1 "
80 100 120 140 160 180 200 220
x/ RW2

Fig. 13. Scatter diagram and regression line of RW1 and RW2.

partially explained by wrist movements and scapular orientation of
the gleno-humeral joint.

The scatter plot of movement of the right wrist bar thumb side
(PDV1) and maximum vertical movement for the right elbow for
forward extension (RS2) (Fig. 15) shows that there is a linear rela-
tionship between them. The independent variable of x is RS2 and
the dependent variable of y is PDV1. An effective regression model
was developed using linear fitting, which showed that PDV1 and
RS2 were significantly positively correlated (r = 0.725,
p = 0.0004 < 0.001).

3.2.3. Controlling of joysticks (CJ) and RS

CJ3 (y) (Fig. 16) was positively correlated with maximum vertical
movement of right wrist bar thumb side (RS1) (x) (r = 0.647,
p < 0.01). Therefore, a predictive relationship exists between them.

3.3. Statistical analysis of ergonomics indices of level 1

The interrelation analysis on ergonomics indices of level 2
demonstrated that the range of motion and dexterity for tasks
indices of level 1 are correlated with the ROM indices of level 1.
Increased range of movement could lead to greater dexterity for
successful completion of tasks. However, dexterity is a derived
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Fig. 14. Scatter diagram and regression line of RE1 and 1/TP3.
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ergonomics factor that encompasses many elements, so it is
impossible to describe it solely by ROM indices. Therefore, ergo-
nomics indices in level 1 should be preserved.

3.4. Validation of the optimized ergonomics indices

To validate the optimized ergonomics indices, we used them in
the ergonomics evaluation of pressurized partial pressure suits.
Analysis of variance was used to test the effects of various pres-
sures. It was concluded that a PPS had a significant impact on the
pilot's range of motion (ROM) and dexterity but no significant effect
on his or her grip strength. Range of motion and dexterity
decreased as pressure increased, but they were not affected to the
same extent. These results were highly similar with the results from
ergonomics indices before optimization, hence the optimized er-
gonomics indices were validated.

4. Discussion

The following is a summary of the objectives of this study: (1) to
discuss and develop the functional relationships between ergo-
nomics indices, (2) to determine the predictive models among
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Fig. 16. Scatter diagram and regression line of RS1 and CJ3.

ergonomics indices, and (3) to optimize and validate the ergo-
nomics indices system. As expected, there are some significant
interrelationships between the ergonomics indices of PPS (Table 4).
Moreover, the equations obtained were able to serve as predictive
models; thus some indices can be obtained from the models and
need not be derived through experiments.

We will now consider the relationship of the 23 indices within
level 3. Nine pairs of effective linear equations were derived
(Table 4). Between accomplished time of task using the right arm
with B group for target pointing (TP1), accomplished time of task
using left arm with BS group for target pointing (TP2), accom-
plished time of task using right arm with BS group for target
pointing (TP3) and inverse orientation accomplished time of task
using right arm with BS group for target pointing (TP4) two pairs of
suitable equations were obtained. These findings demonstrate that
TP3 can act as a predictor for TP2 and TP4. Moreover, TP2 and TP4
were positively correlated with TP3. The slope was 0.960, and the
intercept —0.352. These results indicated that TP3 is almost iden-
tical to TP4. Therefore, we concluded that subjects were just as
capable of completing the target pointing task with their left arm as
their right. Therefore, under restricted experimental conditions, for
example, lack of time to study both arms, it is sufficient to only
measure TP3. The predicted model for TP3 can affectively predict
TP2 and TP4. However, TP1 is a simpler manipulation task than TP3.
Moreover, TP3 is also more comparable to the tasks that must be
accomplished during an actual flight. Thus, a conclusion can be
drawn that TP3 is a preferable ergonomics index to examine target
pointing than TP1.

Flexion angle of the right knee for drawing back a leg (DBL1) and
movement of right ankle to draw back a leg (DBL2) are two indices
used to assess the same operational task. Our statistical results
confirmed that they are interchangeable terms of the descriptive
linear equation. In addition, our prior study (Hu et al.,, 2008a,b)
concluded that DBL1 was more sensitive to PPS than DBL2; thus we
can conclude that DBL1 is a better ergonomics index than DBL2.

CJ1, CJ2 and CJ3 were adopted to examine three different tasks of
CJ. Each motion should have different effects on the ability to
accomplish tasks. Thus, it was initially considered that these three
indices were not correlated with each other. However, significant
relationships were found between them. The reason might be the
integration of all motions. These findings imply that measuring
only one variable is sufficient and the predictive models can
determine the other two. It was found from these experiments that
accomplishment of CJ3 is more exact and uniform when compared
to the other two indices; thus, CJ3 is the optimal element that re-
flects the ergonomics characteristics of C] more objectively than the
other two.

Table 3 shows that maximum vertical movement for drawing
back a leg (RS1) and maximum motion of the right shoulder in the

Table 4
The relationships between the ergonomics indices of PPSs.
Ergonomics indices y X a b R p
Level 3 TP2 TP3 3.267 0.782 0.894 <0.01
TP4 TP3 0352 0.960 0.992 <0.0001
DBL2 DBL1 54.176 0.0895 0.5999 <0.01
(@) as 45446 0.426 0.634 <0.005
qJ2 s 83.365 0364  0.639 <0.005
RS6 RS1 -1.988 0.212 0.722 <0.001
RS5 RS4 45321 0.638 0.451 <0.05
RH2  RH1 -8951 0.171 0.8626 <0.0001
RW1 RwW2 31.342 0.661 0.764 <0.0001
Level 2 1/TP  RE -0.113 0.0016 0.775 <0.05
PDV RS 441.108 0.995 0.725 <0.001
q RS —143.152 0.752 0.647 <0.01
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coronal plane (RS6) are linearly correlated. In order to unify di-
mensions, RS1, which is in agreement with the other indices of RS,
measured in mm, was selected as the preferred index from RS1 and
RS6. Though RS4 and RS5 are also linearly correlated, their
regression coefficient is only 0.451. Therefore, RS4 and RS5 must
both be measured at the same time.

Similar to the principle of determining DBL1 as the optimal er-
gonomics index, RH2 is the optimal index between RH1 and RH2.

As RW1 and RW?2 are also linearly correlated, the two indices
can be used to replace one another in the predictive model of
RW1 = 31342 + 0.661RW2. Human kinematic characteristics
suggest that right oriented body motions are more easily executed
than left oriented motions for right handed people. Accordingly,
when performing the tasks, right oriented motions are preferable
to left oriented motions. Our previous investigations showed that
RW2 was slightly more sensitive to a PPS than RW1. The perfor-
mance of RW1 and RW2 were reduced by 16% and 18% with a PPS,
respectively. Based on the above, RW2 was chosen as the better
ergonomics index for RW1 and RW2.

Subsequently, correlations between ergonomics indices in level
2 were also studied. Three pairs of effective linear equations were
developed (Table 4). These three pairs of functional relations sug-
gest that dexterity and operational reach, which belong to the er-
gonomics indices of level 1, are linearly correlated. However,
dexterity and operational reach cannot predict one another because
not all of their ergonomics indices are linearly correlated.

The optimized ergonomics index system was validated by
applying it to the study of PPSs' ergonomics performance under six
different pressure conditions.

The optimal ergonomics evaluation index system developed is
shown in Table 5. We can use the index system to evaluate the
effects of PPS with fewer experiments in less time.

5. Conclusions

The present study investigated the relationships between 36
ergonomics indices used to evaluate the effects of personal pro-
tective suits. The results showed that 12 pairs of ergonomics indices
were linearly correlated. Based on these effective functional re-
lationships an optimal ergonomics evaluation index system of PPSs
was proposed (Table 5). However, some caution needs to be exer-
cised in interpreting the results because when evaluating a PPS, the
pressurization time must be limited to ensure the safety of the
participant, and this time is too short to measure all the indices
before optimization. Consequently, not all indices can be fully
tested in this situation. The proposed optimal index system reduces
the number of indices that must be measured under a variety of test

Table 5
The optimal ergonomics evaluation index system for PPSs.

Optimal ergonomics
indices of level 1

Optimal ergonomics
indices of level 2

Optimal ergonomics
indices of level 3

Manipulation missions Target pointing TP3
Pull down the veil PDV1
Drawing-back the legs DBL1
Control of the joystick a3
Operational reach ROM of shoulder joint RS1
RS2
RS3
RS4
RS5
ROM of elbow joint RE1
ROM of hip joint RH2
ROM of waist joint RW2
ROM of knee joint RK1
Operational strength Grip strength GS1

conditions. By establishing the functional relationships among
these ergonomics indices and determining redundant measures,
the proposed optimal index system also significantly reduces the
difficulties of appraising the performance of PPSs. Use of the pro-
posed index system can improve the ergonomics design and eval-
uation of PPSs.
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Appendix. Definitions of the 39 Markers

Markers  Definition Position
LFHD Left front head Left temple
RFHD Right front head Right temple
LBHD Left back head Left back of head
RBHD Right back head  Right back head
Cc7 Seventh cervical Base of the neck
vertebrae
T10 Tenth thoracic Center mid-back
vertebrae
CLAV Clavicle Top of the breast bone
STRN Sternum Base of the breast bone
RBAC Right back Center of the right shoulder blade
LSHO Left shoulder Placed on the bony prominence on top
of the left shoulder
LUPA Left upper arm Placed on the outside of the upper arm
LELB Left elbow Placed on the bony prominence on the outside
of the elbow joint
LFRM Left forearm Placed on the outside of the lower arm
LWRA Left wrist Extended from the thumb side using a wrist bar
LWRB Left wrist Extended from the little finger side using
a wrist bar
LFIN Left finger Placed just below the middle knuckle on the
left hand
RSHO Right shoulder Placed on the bony prominence on top of the
right shoulder
RUPA Right upper arm  Placed on the outside of the upper arm
RELB Right elbow Placed on the bony prominence on the outside
of the elbow join
RFRM Right forearm Placed on the outside of the lower arm
RWRA Right wrist bar Extended from the thumb side using a wrist bar
thumb side
RWRB Right wrist bar Extended from the little finger side using
pinkie side a wrist bar
RFIN Right finger Placed just below the middle knuckle on the
right hand
LFWT Left front waist Left front waist
RFWT Right front waist Right front waist
LBWT Left back waist Left back waist
RBWT Right back waist  Right back waist
LTHI Left thigh Placed on the outside of the thigh below
hand swing
LKNE Left knee Placed on the outside of the knee joint
LSHN Left shin Placed on the outside of the lower leg
LANK Left ankle Placed on the bony prominence on the outside
of the ankle
LHEE Left heel Placed on the back of the foot
LTOE Left toe Placed on the tip of the big toe
RTHI Right thigh Placed on the outside of the thigh below
hand swing
RKNE Right knee Placed on the outside of the knee joint
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(continued )

Markers Definition Position

RSHN Right shin
RANK Right ankle

Placed on the outside of the lower leg

Placed on the bony prominence on the outside
of the ankle

Placed on the back of the foot

Placed on the tip of the big toe

RHEE Right heel
RTOE Right toe
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Partial pressure suits (PPSs) are used under high altitude, low-pressure conditions to protect the pilots.
However, the suit often limits pilot’s mobility and work efficiency. The lack of ergonomic data on the
effects of PPSs on mobility and performance creates difficulties for human factor engineers and cockpit
layout specialists. This study investigated the effects of PPSs on different ergonomic mobility and
performance indices in order to evaluate the suit’s impact on pilot’s body mobility and work efficiency.
Three types of ergonomics indices were studied: the manipulative mission, operational reach and
operational strength. Research results indicated that a PPS significantly affects the mobility and
operational performance of the wearers. The results may provide mission planners and human factors
engineers with better insight into the understanding of pilots’ operational function, mobility and

strength capabilities when wearing PPS.

© 2012 Elsevier Ltd and The Ergonomics Society. All rights reserved.

1. Introduction

Flying high-performance fighters like supersonic cruise and
super-agility airplanes has created greater demands on the protective
capacities of a partial pressure suit (PPS), which leads to an increasing
conflict between its function and efficiency (Ferevik and Eidsmo
Reinertsen, 2003; Murray et al., 2011; Rudnjanin et al., 2006). The
integration of protective functions, such as compensation, anti-
gravity, anti-penetration and cold-resistance intensifies, may affect
the impact of a PPS on pilot’s efficiency (Albery and Chelette, 1998;
Alexander and Laubach, 1973; Zhang, 1999). Therefore, ergonomics
research on PPSs has been focused on effectively ensuring the effi-
ciency of a PPS without reducing its protective capacities.

So far there have been only a few ergonomics studies on PPSs,
and no ergonomic evaluation index system has been developed.
However, a PPS is only one kind of protective suit and thus the study
of PPSs can also use the experiences developed for other types of
protective suits for reference (Abramov et al., 2005; Aghazadeh and
Rajulu, 2006; Chang et al., 2007; Havenith and Heus, 2004; Huck,
1988; Liu et al, 1998; O’Hearn et al., 2005; White et al., 1994).

* Supported by the National Natural Science Foundation of China (Grant No.
51175021).
* Corresponding author. Tel./fax: +86 10 82339614.
E-mail addresses: lixianxue@hotmail.com (X. Li), ding1971316@buaa.edu.cn
(L. Ding).

Ergonomics research on protective suits can be divided into three
main categories: subjective investigation, objective testing and
numerical simulation. Among them, subjective investigation is the
most traditional. It is carried out by analysing questionnaires and the
subjective reflections of the subjects. White et al. (1994) studied the
influence of U.S. Air Force Advanced Technology Anti-G Suits
(ATAGS) and U.S. Navy Enhanced Anti-G Lower Ensembles (EAGLE)
on pilots’ operating performance by questionnaire. Based on the
results, they improved the functions of the protective suit. Subjec-
tive investigation is easy to carry out, but is subject to both subject
and contextual bias, which makes the data less precise. With the
development of technology, ergonomic studies of protective suits
have transformed from qualitative analysis to quantitative studies.
Objective ergonomics research falls into two categories: human
mechanics (flexibility, power, etc.) and manipulation performance.
Adams and Keyserling (1993) and Coca et al. (2008) studied the
effect of protective suits on the flexibility of wearers by using
a goniometer and a flexometer to collect data on range of motion.
However, the precision of this method can be influenced by the
variability of operators collecting the data. O’Hearn et al. (2005)
analysed the impact of Army cold winter clothing on soldiers’
agility and gait characteristics by applying a three-dimensional
video-based motion capture system, which can record human
moving trajectory and achieve data on range of motion and gait
characteristics. Albery and Chelette (1998) designed an experiment
in which subjects tracked a simulated “bogey” aircraft on a visual

0003-6870/$ — see front matter © 2012 Elsevier Ltd and The Ergonomics Society. All rights reserved.
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Fig. 1. Target-pointing board.

display and performed a secondary task to test the effect of G suit
type on cognitive performance and found that more advanced
protective systems not only allowed longer G endurance, but
provided adequate support for maintained cognitive performance
throughout the extended exposure. Moreover, advances in
computer technology have enabled numerical simulation to be used
in ergonomics studies of protective suits. This method studies the
ergonomics of protective suit by using a digital human model and
a personal protective equipment model. Kozycki (1998) and Kozycki
and Gordon (2002) developed a modelling and simulation approach
to examine the encumbrance of helicopter aircrew clothing and
equipment. He compared the results of the simulation with that of
a three-dimensional motion capture system and proved the feasi-
bility of his numerical simulation method. However, this method is
a work in progress and needs to be improved. Although there have
been many investigations on the ergonomics of protective suits,

systemic ergonomics evaluations and indices system of protective
suits, considering body mechanics, the vehicle and the environ-
ment, has not been studied so far.

The aim of this study was to develop an ergonomics evaluation
and indices system for PPSs based on the analysis of pilot motion
range, operational performance and operational strength. The
research on range of motion, including joints’ moving angles,
accessible domain, etc. while pilots were performing various
operating tasks, was measured by a three-dimensional video-based
motion capture system. Operational performance was judged by
performance of specific flight tasks. Operational strength was
assessed by measuring the power provided by the hands and feet.
Based on the results, this work established a system for evaluating
PPSs ergonomic design and for testing improvements. It also
provides a reference for mission planning and the man-machine
interface design of airplane cockpits.

2. Methods
2.1. Subjects

Atotal of twenty-one Chinese male undergraduate students with
an average age of 23.14 years (range 21—25) were enrolled in this
study. The average height and weight were 169.48 cm (range 165—
175 cm) and 62.52 kg (range 56—77 kg) respectively. The subjects
were all right-hand dominant and were chosen carefully to ensure
that their body-sizes met the requirements of a PPS (Hu et al., 2008).
All subjects had knowledge of PPSs and flight missions. Their
physical condition met the experimental requirements, including
no physical disability or limitations and no case histories of heart
and lung problems. They were also informed beforehand of the
purpose of the study, the nature of the test conditions, the experi-
mental procedures, and the risks associated with the study. Before
testing, all subjects were trained to a given criterion of performance
and to be familiar with the experimental tasks.

2.2. Apparatus

The apparatus used in this study included a three-dimensional
video-based motion capture system, a target-pointing board,
a hand dynamometer, and a step-tread apparatus. The three-
dimensional video-based motion capture system (VICON460) is
composed of six video cameras with a sampling frequency of
120 Hz, and corresponding accessories. This system was used to

Fig. 2. Step-tread apparatus.
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measure the range of motion (ROM) for various body segments.
Fig. 1 shows the rectangle target-pointing board used in this study
to measure performance of the target-pointing task. A grip strength
dynamometer (WCS-100II) provided instantaneous strength read-
ings from O to 100 + 0.1 kg. The step-tread apparatus (Fig. 2) was
specially designed to test the step-tread strength of pedalling an
aircraft rudder and the readings ranged from 0 to 60 + 0.01 kg.

3. Study design
3.1. Clothing conditions

Two different clothing conditions, conventional clothing (CC)
condition and the partial pressure suit (PPS) condition, were used in
this study. The CC condition consisted of casual attire (short pants and
vest) while the PPS condition used in this study was a capstan anti-G
and counter pressure suit which is widely used by the pilots (Fig. 3).

3.2. Ergonomics indices and test variables

The seated capabilities of the subjects were assessed using three
types of ergonomics indices (Table 1). The ergonomics indices that
were chosen were based on the actual manipulative and reach
activities of a pilot during flight, and they can provide useful
information to the cockpit designers on functional reach distances
and performance capabilities. Each ergonomic index contained
several different test variables with corresponding test measures,
for example, ergonomic measures of manipulative ability were
used to examine the operational capability of wearers. The test
measures were designed based on actual flight task requirements.
For example, the drawing back the legs task was designed to
measure the performance of ejection survival actions. The other
two types of ergonomics indices were used to measure the oper-
ational reach and operational strength of the wearers.

Fig. 3. Partial pressure suit.

Table 1
Ergonomics indices and test variables.

Ergonomics Test indices

indices

Variables (abbreviation)

Manipulative
missions

Target pointing
Adjusting the helmet
Drawing-back the legs

Accomplishing time of task (AT)
Displacement of RWRB (Drwrs)
Motion angle of RKNE joint
(ANgrkNE)
Displacement of RANK (Drank)
Control of the joystick Displacement of RWRA (Drwra)
Operational ROM of shoulder joint Motion angle of RSHO joint
reach (AnggsHo)
Displacement of RELB (Dggg)
Maximal flex/extension angle
(AnggeLs)
Displacement of RKNE (DgrknE)
Maximal motion angle (Angy;p)
Displacement of LELB (Dyig1p)
Displacement of RELB (Dggig)
Maximal grip strength (Maxgs)
Maximal step-tread strength
(Maxsrs)

ROM of elbow joint
ROM of hip joint
ROM of waist joint

Operational
strength

Grip strength
Step-tread strength

3.3. Description of test indices and variables

The test indices and variables and their units are shown in
Table 2, and are described in detail as follows.

Table 2
Description and codes of all test variables.

Test indices Variables Descriptions of variables (codes)
Manipulative
missions
Target pointing ATg.R (S) AT of right arm for button(B) group (TP1)
ATgs.1 (S) AT of left arm for button and switch(BS)
group (TP2)
ATgs R () AT of right arm for BS group (TP3)

ATRe-Bs-r (S) Reverse orientation AT of right arm for

BS group (TP4)

Adjusting the Dgrwrs (mm) Displacement of RWRB (PDV1)
helmet
Drawing-back Angrkne (deg)  Flexion angle of right knee joint (DBLT)
the legs Drank (mm) Displacement of right Rank (DBL2)
Control of the Drrwra (mm)  Pushing forward displacements
joystick of RWRA ((J1)
Di_rwra (mm)  Pushing left displacements of
RWRA ((J2)
Dr-rwra (mm)  Pushing right displacements of
RWRA ((J3)

Operational reach
ROM of shoulder Dy ggig (mm)  Maximal vertical displacement of RELB
joint for lateral lift (RST)

Deererp (Mmm)  Maximal vertical displacement of RELB
for forward extension (RS2)
Maximal vertical displacement of RELB
for backward extension (RS3)
Maximal horizontal displacement of
RELB for adduction (RS4)
Maximal horizontal displacement of
RELB for abduction (RS5)
Maximal motion angle of shoulder joint
in the coronal plane (RS6)

Dgg-rers (mm)
Dap-reLs (mm)
Dag-reLs (mm)

Anggspo (deg)

ROM of elbow Anggg s (deg) Motion angel of elbow joint (RE1)
joint
ROM of hip joint  Drgne (mm) The displacement of RKNE (RHT)

Maximal motion angel of right hip
joint (RH2)

Angyp (deg)

ROM of waist Digig (mm) Displacement of LELB (RWT1)
joint Dggrg (mm) Displacement of RELB (RW2)
Operational
strength
Grip strength Maxcs (kg) Maximal grip strength (GS1)
Step-tread Maxsr s (kg) Maximal step-tread strength (STS1)
strength
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Fig. 4. The test variable of adjusting the helmet.

3.3.1. Manipulative missions

3.3.1.1. Target pointing. Two group tests were completed in this
study in order to investigate the effects of PPSs on tasks with
different levels of complexity. These two groups were: five buttons
group (B group) and five buttons with four switches group (BS
group), respectively. Tests for the BS group included tests of the left
and right arm flexion and right arm extension, while the B group
only included right arm flexion and extension. The test required the
subject to sit in front of a target-pointing board with his arm on an
armrest. The subject was required to maintain his trunk upright.
After a start signal, the subject outstretched his arm to press down
targets as quickly as possible, and then pulled back his arm to the

initial position. Such actions were repeated five times and the
subject was asked to not only touch the targets but also press down
the buttons or correctly control the switches. This test was designed
based on the panel operations task. The time required to accom-
plish all tasks was defined as the accomplishing time of the task
(AT). TP1, TP2, TP3 and TP4 were described in Table 2.

3.3.1.2. Adjusting the helmet. During the ejection survival actions,
the pilot should adjust his helmet firstly. In this experiment the
subject was asked to raise both arms as high as possible and then
pull them down until the flexion angle of his elbow joint came to its
limit. The test variable, defined as PDV1, was the maximal
displacement of right wrist bar little finger side (RWRB) (Fig. 4).

3.3.1.3. Drawing-back the legs. This task was designed to measure
the peak leg extension required to reach the rudder pedals and to
determine if the PPS impeded the ability to pull the legs close to the
seat when preparing for ejection. Both legs were first placed in
a standard position where the relative angle of thigh and shank was
90°. Then the subject tried his best to outstretch both legs then
draw them back till the knee joints reached their maximal flexion
angle. Two test variables, defined as DBL1 and DBL2, are shown in
Fig. 5.

3.3.14. Control of the joystick. While sitting upright, the subject
was asked to operate the joystick in a sequence, pushing it forward,
then left, then right. Fig. 6 displays the three test variables: (J1
(pushing forward displacement of right wrist bar thumb side
(RWRA)), (J2 (pushing left displacement of RWRA), (J3 (pushing
right displacement of RWRA).

3.3.2. Operational reach

3.3.2.1. ROM of shoulder joint. Measurements of the range of
motion index included right arm lateral lift, fore/aft extension and
adduction/abduction. While doing these actions, the subject moved
his arm in the specified plane without rotation. The six test vari-
ables are shown in Fig. 7 and are described in Table 2 as RS1, RS2,
RS3, RS4, RS5, and RS6.

3.3.2.2. ROM of elbow joint. Keeping the upper arm pointing down,
the subject was asked to bend his forearm until the elbow joint
reached its maximal flexion angle. Fig. 8 gives the definition of the
test variable which is described as RE1 in Table 2.

3.3.2.3. ROM of hip joint. The subject raised his right leg as high as
possible. Fig. 9 illustrates the two test variables RH1 and RH2 which
are described in Table 2.

Fig. 5. Test variables of drawing-back the legs.
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Fig. 6. Test variables of control of the joystick.

Fig. 7. Test variables for ROM of shoulder joint.
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Fig. 8. The test variable for ROM of elbow joint.

3.3.2.4. ROM of waist joint. Starting from a straight sitting position,
the subject bent his waist laterally to the left and then right as far as
possible without twisting. Test variables RW1 and RW2 are illus-
trated in Fig. 10 and are described in Table 2.

3.3.3. Operational strength
3.3.3.1. Grip strength. While sitting with the trunk erect, the
subject outstretched his right hand and grasped the hand dyna-
mometer as firmly as he could (Fig. 11). The test variable was
maximal grip strength GS1.

3.3.3.2. Step-tread strength. Keeping the upper trunk upright, the
subject extended his right leg to step on the tread sensor (Fig. 12).
Here the test variable was the maximum step-tread strength STS1.

3.4. Data process and statistical analysis

The collected data were examined for outliers to exclude any
questionable data before they were analyzed. The final number of
subjects used for statistical analysis for each test varied between 17
and 21 and this is shown in Table 3. The data for the analysis were
the average of each subject’s repeated trials for a given activity
under each clothing condition. Statistical analysis was accom-
plished by a multivariate software package (SPSS v19) with
a significance level at p < 0.05 throughout. The results of CC and
PPS trials were compared using a paired ¢ test.

4. Procedure

All experiments were conducted in the Man-Machine-
Environment System laboratory at Beihang University. Every
subject completed tests under two clothing condition (CC, PPS) with
enough time in between to rest. The subject sat in the center of the
motion capture area with his trunk upright. The anthropometric
parameters of the subject were measured prior to the experiment
for choosing the appropriate PPS size. After donning a PPS, the
subject maintained the required seating posture throughout. Then
a trained and qualified laboratory assistant adjusted the PPS for the
subject so that it properly fit him. Finally, 39 reflective markers were
attached to the subject, each corresponding to an anatomical land-
mark (Fig. 13 and Appendix). Fig. 13 shows the marker positions for
a whole body capture. Formal tests were carried out after all these
preparations. The order of wearing the suits was counterbalanced.

5. Result and discussion
Table 3 shows the comparisons between the CC and PPS tests for
each variable. Results are summarized below for the manipulative

mission, operational reach, and operational strength tasks separately.

5.1. Manipulative missions

The effects of a PPS on the four indices of manipulative missions
showed that each test variable was significantly different between
the two conditions.

Fig. 9. Test variables for ROM of hip joint.
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Fig. 10. Test variables for ROM of waist joint.

5.1.1. Target-pointing

A PPS significantly influences target pointing, as can be seen
from the substantial changes in the four test variables in Table 3
(p < 0.01).The AT in the PPS condition is longer than that in the
CC condition, indicating that wearing a PPS increases the opera-
tional difficulty of the target-pointing task. It was also found that
wearing a PPS resulted in a 5% increase in TP1, 10% in TP2, 8% in TP3,
and 8% in TP4.

5.1.2. Adjusting the helmet

Comparisons of the two variables for adjusting the helmet in
both the CC and PPS conditions are listed in Table 3. The results
indicated that a PPS had significant negative effects on the action of
adjusting the helmet (p < 0.001), decreasing PDV1 by 8%.

5.1.3. Drawing-back the legs
Two test variables were used to analyze the effects of a PPS on
the performance of drawing-back legs. The comparison results

exhibited significant differences in both DBL1 and DBL2 (p < 0.001).
The effects of these two variables were a 13% and 3% decrease,
respectively.

5.14. Control of the joystick

Compared with the adjusting the helmet and drawing back the
legs tests, a PPS significantly decreased the performance of
controlling the joystick (p < 0.001). The changes to (J1, (J2, and (/3
were 14%, 18%, and 10%, respectively.

5.1.5. Discussion

As seen from the statistical analysis results (Fig. 14), the increase
of TP1 is less than that of TP3 showing that the target-pointing task
for buttons and switches was more affected by the PPS than only
buttons. Thus, it can be concluded that the impairment effect of
a PPS will be greater if the operation missions are more complicated.

Fig. 11. Grip strength.

Fig. 12. Step-tread strength.
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Table 3
Mean comparisons results of test variables.

Variables codes Subjects (n) Clothing condition

cc* PPS
Manipulative missions(s)
TP1 10 6.83 +1.45 7.20+1.68
P2 7 13.55+1.39 14.92 4 1.58** above
TP3 7 13.77 £1.97 14.90 + 1.81**
TP4 7 12.96 + 2.06 13.95 £ 1.75%*
PDV1 20 1069.13 +40.37 972.76 + 50.69
DBL1 20 125.80 + 15.46 109.07 + 9.54***
DBL2 20 645.10 + 61.63 624.25 + 56.96***
g1 20 186.00 + 42.64 160.50 + 36.87***
gz 21 223.69+32.75 182.51 + 28.69%**
g3 21 299.70 + 49.27 270.55 + 53.66***
Operational reach(mm)
RS1 21 612.62 +33.33 548.78 + 46.14***
RS2 19 600.62 + 33.33 549.63 4 32.47***
RS3 19 163.58 +50.96 145.90 + 49.74**
RS4 21 330.51+45.26 291.85 4 43.98***
RS5 21 277.65 + 68.59 231.50 & 62.25%**
RS6 21 134.72 £9.51 114.89 + 14.64***
RE1 21 117.40 £5.44 107.82 £ 6.25%**
RH1 21 323.73 £43.65 268.36 £+ 45.70***
RH2 21 49.79 +7.30 36.98 4 9.07***
RW1 21 139.06 +32.13 116.79 £ 27.89*%**
RW2 21 157.69 + 36.05 129.42 + 32.14%**
Operational strength(kg)
GS1 19 42.89+5.40 41.26 + 5.35%*
STS1 19 23.72+£2.90 23.56 +3.47

The data are described in the form of Average and SD (x + s).
Compared with the control group (@), **p < 0.01, ***p < 0.001.

Similarly, operational performance of the left arm was affected more
severely by a PPS than that of the right arm. However, the decreases
in performance of the two target-pointing tasks, TP3 and TP4 were
the same. The results show that the decrease in target-pointing
performance is due to the PPS restricting the wearers’ mobility.
Fig. 15 shows that the mean values for controlling the joystick
changed greatly for the four ergonomics indices when a PPS was
worn, while the differences in the mean values between the CC and
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Fig. 14. Change values between CC and PPS for the test variables of manipulative
missions.

PPS for the other three indices (CJ1, CJ2 and (J3) were almost equal.
The reduction in the operational capabilities of target pointing,
adjusting the helmet and controlling the joystick indicated that a PPS
significantly restricts the ROM of shoulder and elbow joints. The ROM
declines at the hip and knee joints which impairs the work efficiency
of drawing back legs. Among the four manipulative missions, target
pointing was affected less by a PPS than the other three actions.

5.2. Operational reach

ROM of the four joints was compared for the CC and PPS
conditions and results are presented in Table 3.

5.2.1. ROM results
The PPS ROM results were significantly less than the CC ROM
results for all test variables. Compared with the CC condition the

LBHD f

LSHO &

LUPA g

LELB ¢

Fig. 13. Locations of the 39 reflective markers.
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Target pointing Pull down the veil Draw back legs  Control joysticks

Four ergonomics indices of manipulative mission

Fig. 15. Change values between CC and PPS for the four ergonomics indices of
manipulative mission.

PPS significantly reduced RS1 by 10% (p < 0.001), RS2 by 8%
(p < 0.001), RS3 by 11% (p < 0.01), RS4 by 12% (p < 0.001), RS5 by
17% (p < 0.001), and RS6 by 15% (p < 0.001). ROM of the elbow joint
decreased by 8% (p < 0.01) in a PPS. ROM of the hip joint was also
significantly decreased by 17% (p < 0.001) for RH1 and 26%
(p < 0.001) for RH2. The impairment in the ROM of the waist joint
was also significant and RW1 was reduced by 16% (p < 0.001) and
RW2 by 18% (p < 0.001) respectively, which indicates that the
effects of a PPS on left flexion and right flexion are almost identical.

5.2.2. Discussion

This study showed that a PPS impairs the performance and
greatly restricts the operational reach of a person (Fig. 16).

The changes for the six test variables of shoulder ROM are
different (Fig. 16). RS2 has the smallest impact and RS5 the largest. It
was also found that upper arm abduction required more effort than
the other actions. Such findings are likely due to the differences in
the difficulties of the test movements.

With the PPS the decreases in the ROM of the lower limbs was
greater than that of the upper limbs (Fig. 17), while the magnitude
of the changes in left and right waist flexion (RW1) and right flexion
(RW2) were similar between conditions.

The experimental results show that there are some significant
restrictions on the wearers’ movements when wearing a PPS
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Table 4
Systematic ergonomic appraisal indices.

Ergonomic appraisal indices of high altitude partial pressure suit

Level 1 Level 2 Level 3

Target pointing TP1
P2
TP3
TP4
Adjusting the helmet PDV1
Drawing-back the legs DBL1
DBL2
Control of the joystick i1
gz
g3
ROM of shoulder joint RS1
RS2
RS3
RS4
RS5
RS6
ROM of elbow joint RE1
ROM of hip joint RH1
RH2
ROM of waist joint RW1
RW2
Grip strength GS1

Manipulation missions

Operational reach

Operational strength

which needs to be considered when design the cockpit and plan-
ning a mission.

5.3. Operational strength

Table 3 indicates that GS1 was slightly reduced by 4% with the
PPS (p < 0.01) but STS1 was not significantly different, showing that
the PPS did not significantly adversely affect the leg exertion force.
The magnitude of the grip strength change for the PPS was less than
that for the manipulative mission and operational reach tasks and
the PPS only had a minor adverse effect on operational strength.

6. Summary and conclusions

The aim of this study was to investigate how the wearing of
a PPS affects a series of ergonomics indices mobility and perfor-
mance. The ergonomics indices in this study included manipulative
missions, operational reach and operational strength and each was
composed of several sub-indexes. Measurements from the wearers
under two experimental conditions were carried out and an
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effective ergonomic index system was established. Nearly all of the
ergonomics indices reported in this paper showed significant and
substantial detrimental effects of wearing a PPS, except for step-
tread strength (STS1) which was unaffected. According to these
results of this paper, an ergonomic evaluation index system for PPS
design can be established with the three levels, as shown in Table 4.

These objective experimental data will be useful in several areas
of PPS-related work. For example, designers of new suits will gain
a better understanding of the ergonomics of a PPS and, therefore,
maximize the wearer’s work ability. In addition, our results found
that the shoulder ROM for the wearers in the PPS condition was
severely reduced compared with that of wearers in the CC condi-
tion. The mobility of the shoulder under suited conditions could be
improved if suit designers consider this factor when they design
new protective clothing in the future. This finding also provides
some guidance for human factors engineers and mission planners
when planning some tasks involving shoulder motions and when
designing the reach envelopes to controls in a cockpit.

Numerous large and statistically significant differences associated
with manipulative missions, operational reach and upper
limb operational strength between the CC condition and the PPS
condition have been demonstrated. These findings show that task
planners and cockpit layout specialists should pay close attention to
the limitations that personal protective equipment, such as a PPS, has
on pilots. Moreover, these differences should also be considered in the
placement of control devices and the planning of tasks. This research
advances knowledge concerning the effects a PPS has on pilots.
However, there are some limitations to this work. It is likely that there
are other tasks that the pilot performs that were not included in this
work. The test subjects were not themselves pilots and all were young
and fit males. All testing was done at sea level and while seated in
a stationary environment and this may be different in a pressurized
and moving plane. Future studies should investigate the effects of
these and other possible factors to ensure that comprehensive data
are collected to improve the ergonomic design of PPS.
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Appendix A. Definitions of the 39 markers

Markers Definition Position

LFHD Left front head Left temple
RFHD Right front head  Right temple
LBHD Left back head Left back of head
RBHD Right back head  Right back head

Cc7 Seventh cervical  Base of the neck
vertebrae

T10 Tenth thoracic Centre mid-back
vertebrae

CLAV Clavicle
STRN Sternum
RBAC Right back
LSHO Left shoulder

Top of the breast bone

Base of the breast bone

Centre of the right shoulder blade

Placed on the bony prominence on top of the
left shoulder

Placed on the outside of the upper arm

Placed on the bony prominence on the outside
of the elbow joint

Placed on the outside of the lower arm
Extended from the thumb side using a wrist bar
Extended from the little finger side using a
wrist bar

LUPA Left upper arm
LELB Left elbow

LFRM Left forearm
LWRA Left wrist
LWRB Left wrist

(continued )

Markers Definition Position

LFIN Left finger

Placed just below the middle knuckle on the
left hand

Placed on the bony prominence on top of the
right shoulder

Placed on the outside of the upper arm

Placed on the bony prominence on the outside
of the elbow joint

Placed on the outside of the lower arm

RSHO Right shoulder

RUPA Right upper arm
RELB Right elbow

RFRM Right forearm

RWRA Right wrist bar Extended from the thumb side using a
thumb side wrist bar
RWRB Right wrist bar Extended from the little finger side using a
pinkie side wrist bar
RFIN Right finger Placed just below the middle knuckle on the
right hand

LFWT Left Front Waist  Left Front Waist

RFWT Right Front Waist Right Front Waist
LBWT Left back Waist Left back Waist
RBWT Right back Waist  Right back Waist

LTHI Left thigh Placed on the outside of the thigh below
hand swing

Placed on the outside of the knee joint
Placed on the outside of the lower leg
Placed on the bony prominence on the
outside of the ankle

Placed on the back of the foot

Placed on the tip of the big toe

Placed on the outside of the thigh below
hand swing

Placed on the outside of the knee joint
Placed on the outside of the lower leg
Placed on the bony prominence on the
outside of the ankle

Placed on the back of the foot

Placed on the tip of the big toe

LKNE Left knee
LSHN Left shin
LANK Left ankle

LHEE Left heel
LTOE Left toe
RTHI Right thigh

RKNE Right knee
RSHN Right shin
RANK Right ankle

RHEE Right heel
RTOE Right toe

References

Abramov, I, Moiseyev, N., Stoklitsky, A., 2005. Some problems of selection and
evaluation of the Martian suit enclosure concept. Acta Astronaut. 57, 901-909.

Adams, PS., Keyserling, W.M., 1993. Three methods for measuring range of motion
while wearing protective clothing: a comparative study. Int. J. Ind. Ergon. 12,
177-191.

Aghazadeh, F, Rajulu, S.L, 2006. Evaluation of Suited and Unsuited Human
Functional Strength Using Multipurpose, Multiaxial Isokinetic Dynamometer.
Final Report. NASA Faculty Fellowship Program, Johnson Space Center.

Albery, W.B., Chelette, T.L., 1998. Effect of G suit type on cognitive performance.
Aviation Space Environ. Med. 69, 474—479.

Alexander, M., Laubach, L., 1973. The effects of personal protective equipment upon
the arm reach capability of USAF pilots, Proceedings Reprint of the Interagency
Conference on Management and Technology in the Crew System Process, pp.
225-233.

Chang, FK,, Chen, M.L, Cheng, S.F, Shih, T.S., Mao, LF, 2007. Field protection
effectiveness of chemical protective suits and gloves evaluated by
biomonitoring. Occup. Environ. Med. 64, 759—762.

Coca, A., Roberge, R., Shepherd, A., Powell, J., Stull, J., Williams, W., 2008. Ergonomic
comparison of a chem/bio prototype firefighter ensemble and a standard
ensemble. Eur. J. Appl. Physiol. 104, 351—-359.

Ferevik, H., Eidsmo Reinertsen, R., 2003. Effects of wearing aircrew protective
clothing on physiological and cognitive responses under various ambient
conditions. Ergonomics 46, 780—799.

Havenith, G., Heus, R., 2004. A test battery related to ergonomics of protective
clothing. Appl. Ergon. 35, 3—20.

Hu, H., Ding, L., Yang, C., Yuan, X., 2008. Effects of high altitude partial pressure suit
on mobility capability and operational performance, 2nd International
Conference on Applied Human Factors and Ergonomics, Las Vegas, USA.

Huck, J., 1988. Protective clothing systems: A technique for evaluating restriction of
wearer mobility. Appl. Ergon. 19, 185—190.

Kozycki, R., 1998. Developing a modeling and simulation paradigm for assessing the
encumbrance of helicopter aircrew clothing and equipment. Thirty-Sixth
Annual Symposium Safe Association, Proceedings, 271—-279.

Kozycki, R., Gordon, C.C., 2002. Applying human figure modeling tools to the
RAH-66 Comanche crewstation design. Vdi Bericht 1675, 191—200.

Liu, B.G., Li, LM,, Zhang, J.W.,, et al., 1998. Establishment of fuzzy comprehensive
evaluation method for assessment of suitability of personal protective equip-
ment. Chin. J. Aerospace Med. 9, 145—149.

Murray, S.L.,, Simon, Y.L, Sheng, H., 2011. The effects of chemical protective suits on
human performance. J. Loss Prevent. Proc. 24, 774—779.



403

X. Li et al. / Applied Ergonomics 44 (2013) 393—403

O’Hearn, B.E., Bensel, CK., Polcyn, A.F, 2005. Biomechanical analyses of body
movement and locomotion as affected by clothing and footwear for cold
weather climates. NATICK/TR-05/013.

Rudnjanin, S., Arsic-Komljenovic, G., Pavlovic, M., Vujnovic, J., 2006. Loss of
consciousness as criterion of +Gz tolerance at Institute of Aviation Medicine
MMA during +Gz acceleration selective test. Acta Physiol. Hung. 93, 371-376.

White, D.J., Utley, R.D., Bridges, C.W., 1994. Integration testing of full coverage anti-g
suit technology, 31st SAFE Association, Annual Symposium, Las Vegas, NV,

United States, pp. 95—99.
Zhang, L., 1999. Cognitive performance and physiological changes in females at high
G while protected with COMBAT EDGE and ATAGS. Aviation Space Environ.

Med. 70, 857—862.



» 7/

VOLUME 63, NUMBERS 7-10 OCTOBER/NOVEMBER 2008 ISSN 0094-5765

y
“\E "

o

/

SPECIAL ISSUE

FROM DREAM TO REALITY: LIVING, WORKING
AND CREATING FOR HUMANS IN SPACE

A selection of papers presented at the 16th IAA
Humans in Space Symposium

Beijing, China
2007

Journal of the International
Academy of Astronautics
www.iaaweb.org

R

Avallable online at

*"ScienceDirect

www.SC|enced|rect.com

.




Awvailable online at www.sciencedirect.com

ScienceDirect

ARG
AIRONEUMIE

www.elsevier.com/locate/actaastro

PERGAMON Acta Astronautica 63 (2008) 811-821

Study on functional relationships between ergonomics indexes of
manual performance

Hui-Min Hu**, Li Dingb, Shou-Ping Chen?, Chun-Xin Yang?, Xiu-Gan Yuan®

aSchool of Aeronautic Science and Engineering, Beijing University of Aeronautics and Astronautics (BUAA), Beijing 100083, China
bDepartment of Biological Engineering, Beijing University of Aeronautics and Astronautics (BUAA), Beijing 100083, China

Received 30 June 2007; received in revised form 11 January 2008; accepted 26 February 2008
Available online 16 April 2008

Abstract

This paper investigates functional relationships between some of the key ergonomics indexes in manual performance, and
attempts to condense the ergonomics appraisal indexes system and thus evaluate hand performance wearing EVA (extravehicular
activity) glove, design and improve EVA glove’s performance. Four types of ergonomics indexes were studied, i.e., dexterity,
tactile sensibility (TS), strength and fatigue. Two test items of insert sticks into a holes-board (ISIHB) and nuts—bolts assembly
task (NBAT) were used to measure dexterity, while shape discrimination (SD) was employed for TS, and grip force (GF) for
strength and fatigue. The variables measured in this investigation included accomplishing time (AT) of ISIHB and NBAT, correct
rate (CR) of SD, maximal grip force (MGF), instant grip force (IGF) and endurance time of grip force (ETgF). Experiments
were conducted on 31 undergraduates (eight female and 23 male) with two experiment conditions of bare-hand group and gloved
hand group. Results demonstrated that dexterity and TS performance of gloved hand group declined significantly compared with
those of bare-hand group (p < 0.001). There were not significant differences in strength and fatigue between two conditions
(p > 0.05). Four effective functional relationships were developed between four pairs of ergonomics indexes in bare-hand group.
In gloved hand group, in addition to above-mentioned four pairs of relationships, another formula was found, which was
¥y =0.02061 + 0.01233x (p <0.01, dexterity and TS).
© 2008 Elsevier Ltd. All rights reserved.

Keywords: Functional relationship; Ergonomics indexes; Manual performance; Dexterity; Tactile sensibility; Strength; Fatigue

1. Introduction

Manned space flight represents the highest level
of spaceflight technology. And extravehicular activity
(EVA) is one of the two primary tasks (i.e., intrave-
hicular activity, IVA and EVA) in exploring space and
developing space resource. During the EVA, astro-
nauts are entrusted to perform tasks such as satellite

* Corresponding author.
E-mail address: hhm312@163.com (H.-M. Hu).

0094-5765/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.

doi:10.1016/j.actaastro.2008.02.016

deployment and retrieval, space shuttle maintenance,
International Space Station (ISS) assembly as well as
handle other massive objects in and around the payload.
During such demanding tasks, the mission specialist
must perform these tasks manually. So concerns were
raised on manual performance in space EVA. Research
results have been shown that hand work capabilities
will decline under harsh working environments due to
some special factors such as temperature, glove, pres-
sure, and hypoxia and so on [1-4]. In order to improve
hand performance or to prevent negative influence
from those factors, systemic ergonomics evaluation on
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Nomenclature

TS tactile sensibility

ISIHB insert sticks into a holes-board

NBAT nuts—bolts assembly task

SD shape discrimination

GF grip force

AT accomplish time

CR correct rate

MGF maximal grip force

IGF instant grip force

ET endurance time

Ls large size

Mg middle size

Ss small size

ETgF endurance time of grip force

IeT-GF the internal value of I5F fitted curve
and ETGFr

AOV analysis of variance

ATisiuB accomplish time of insert sticks into
holes-board

ATNBAT accomplish time of nut—bolt assemble
task

CRsp correct rate of shape discrimination

MgF maximal grip force

Par performance of accomplish time

ATt tested accomplish time

ATc controlled accomplished time

Pcr performance of correct rate

CRt tested correct rate

CRc control correct rate

Ps performance of strength

MGFt tested maximal grip force

MGFc control maximal grip force

Pr performance of fatigue

Fr tested fatigue

Fc control fatigue

manual performance becomes more and more neces-
sary. But conducting such work is more difficult un-
der space environment for the reason of badly high/low
temperature or hypoxia and so forth. From former low
temperature experiment of manual work efficiency we
found that makes badly low temperature takes quite a
long time (about 2h-3h) [5]. The more indexes, the
longer test. At the end of experiment some physiolog-
ical side-effects came to the subjects, such as hunger,
fatigue, and frostbite of hands. These symptoms will
impair the objectivity of experimental results. In addi-
tion, under the hypoxia condition, test items must be
finished within regulated safe time in order to protect
the subjects. Hence, only several ergonomics indexes
can be used, which induces lack of integrality of the
assessment of hand performance capability [6].

Many researchers have studied indexes functional re-
lationships with the purpose of providing conveniences
for appraising hand performance. Early in 1953, Fox
et al. [9] studied the work efficiency variable responses
of typists when the temperature gradually declined. As
a result, they found some functional relationships be-
tween dexterity of fingers, coordination of both hands
and the time exposed to low temperature. Since then,
Rohmert [10] developed force exertion and endurance
time functional relationships to predict muscle fatigue,
while Monod et al. [11] found exponential relationship
between the two indexes. O’Hara [3] was also interested
in the force-endurance time relation (namely the issue
of fatigue evaluation) during the course of appraising

manual work efficiency. He tried to measure fatigue with
transition of EMG energy spectrum, but failed to get
specific relation formulas and compellent results. Bishu
et al. [12] also had been engaged in this issue for many
years, and till 1995 they made great improvements. In
their studies systemic ergonomics measurements were
conducted with the independent variables gender, glove
type, pressure differential, and exertion level. Results
indicated that performance of gloved hand group de-
clined with increasing pressure differentials. The en-
durance time depended only on the exertion level and
they were exponential relative. These conclusions were
similar to those of Rohmert, Monod and Scherrer. Such
findings provided support for appraising static muscle
fatigue. Bishu et al. [7] hypothesized the reduction in
hand performance with glove was caused by the decline
of tactile sensitivity. They measured tactile sensitivity
with glove using a two-point discrimination test. How-
ever, results revealed while the tactile sensibility (TS)
decreased with added layers of the glove known as the
thermal macrometerorite garment (TMG), on the con-
trary, the dexterity improved. TS and dexterity relation-
ship was not accordant with the expected. Generally
we think reduced tactile sensitivity is associated with
reduced dexterity. As a follow-up of this study, they
hypothesized that grasp strength could represent tactile
sensitivity, but failed to find definite functional relation-
ships. Buhman [13], Shih et al. [14] also did similar
studies and draw the conclusion that for certain kinds
of tactile feedback, grasp force can indeed be seen as
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an alternative measurement of tactile sensitivity Bensel
[1] found a linear increase in times to test completion
as a function of increases in thickness of the handcov-
ering when he studied effects of various thicknesses of
chemical protective gloves on manual dexterity.

From the view of physiology, hands are the actuators
of brain. Manual performance is in nature the collabo-
rative work capability of brain—hand system. Different
ergonomics indexes should be correlative through the
integration of brain [7]. But by now the comprehensive
investigations on functional relationships between ap-
praisal indexes of manual work efficiency at the height
of indexes system have not been conducted. Only a few
ergonomics indexes relations were studied in the above-
mentioned work. These research conclusions were also
more simple and were not sufficient to conduct compre-
hensive appraisal of manual work efficiency in special
conditions. On the other hand, physiologically, there
should be correlations between dexterity, tactile sen-
sitivity, strength, and fatigue. However, there is little
evidence of the work concerned with that aspect.

In this paper, we investigate the basic functional
relationships between different appraisal indexes to
condense the ergonomics indexes system of hand per-
formance. The investigation is based on researches on
appraisal indexes system of manual work efficiency of
Man—Machine-Environment Engineering Institute of
BUAA [4,8]. Firstly we discussed the manual perfor-
mance differences caused by glove. Then the functional
relationships between ergonomics indexes of two test
groups were also stress researched. The ergonomics
appraisal indexes investigated in this study were the op-
timization indexes system of EVA glove [8]. Such work
is expected to provide experimental data and practice
basis for condensing ergonomics appraisal indexes to
shorten the evaluation time of special conditions. This
study simultaneously contributes to ergonomics design
of EVA glove and mission plan of astronauts who wear
EVA glove.

2. Experiment design
2.1. Choice of indexes

According to previous investigation results [8,15-17],
we select four types of ergonomics indexes which have
the priority of performance. The research indexes and
testing variables are shown in Table 1.

2.2. Experiment groups

Two groups of subjects were tested, which were
bare-hand group (control group) and gloved hand group

Table 1
Research indexes and corresponding testing variables

Research indexes Testing variables

Dexterity ATisiB
ATNBAT
Tactile sensitivity CRsp
Strength MgF
Fatigue ETGgF
IerGr

(experiment group). This investigation, different from
the study on the EVA glove simulators established by
Man—Machine-Environment Engineering Institute of
BUAA [8], examine the effects of comfortable gloves
on manual performance. Both functional relationships
between ergonomics indexes of control group and
experiment group have been studied.

2.3. Subjects

Thirty-one healthy undergraduates (eight female and
23 male) from BUAA participated in this investigation,
their average age was 21.32 4 0.65. All subjects were
voluntary and their hand functions were normal. They
all attended experiment training to understand experi-
mental methods and manipulation regulations. Before
tests, the participants must practice many times until
they were able to expertly fulfill each test item and keep
work ability stable.

3. Apparatus and methods

The gloves used in this research are common protec-
tive gloves for industry. They are comfortable, cottoned,
and good at absorbing sweat (Fig. 1). Three sizes of
gloves could be chosen according to the hand sizes of
subjects and gloves’ sizes were enough to fit all the 31
selected subjects.

The testing indexes and items, variables and exper-
iment regulations of the bare-hand group and gloved
hand group were identical.

3.1. Dexterity

3.1.1. Insert sticks into a holes-board

Apparatus: Insert sticks into a holes-board (ISTHB)
was used to measure dexterity. The apparatus was a rect-
angle board with 20 uniform iron sticks and stick-holes
(Fig. 2). The stick is 1.7mm in diameter and 25 mm in
length, while the stick-hole was about 2mm in diame-
ter. The stick-holes ranked two parallel rows.
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Fig. 2. ISIHB apparatus.

Methods: Firstly, the subject put 20 sticks into his
left hand. Then, he was asked to insert 20 sticks into
20 stick-holes according to the regulations (Left and
right hands harmonize. Lack or inclined inserting is
forbidden.) as soon as possible after receiving message
from experimenter. They were required to accomplish
the first row from left to right firstly and then fulfill the
second row. The whole process was repeated five times
and each ATisiyp was recorded respectively.

3.1.2. Nuts—bolts assembly task

Apparatus: Nuts—bolts assembly task (NBAT) was
also used to measure dexterity. An iron rectangular
board was included, with three different bolts fixed on
it (Fig. 3) lying in one line. The three kinds of size nuts
suited for the bolts were also prepared. The diameters
of three bolts were 16 mm (Lg), 12mm (Ms), and 8 mm
(Ss), respectively. In advance the nuts were screwed
onto the bolts and their tops were level.

Fig. 3. NBAT apparatus.

Fig. 4. TS objects.

Methods: Firstly, the subject was asked to screw the
three nuts off the bolts with the sequence from Lg to Ss
(from right to left seen from Fig. 3) and place them on
the iron board. Then, he took up the nuts and screwed
them onto the bolts with the same situation as the
beginning. The whole assembly process was repeated
three times and ATnpat of each process was recorded,
respectively.

3.2. Tactile sensibility

Apparatus: SD was used to measure TS. Three
shapes’ objects were introduced in this experiment,
including cubes, spheres and cylinders and their char-
acteristic sizes were all 3mm (Fig. 4).
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Fig. 5. Hand dynamometer.

Methods: The subject closed his eyes with his right
hand stretch out while the experimenter chose one ob-
ject from three shapes and put it in subjects’ inter-two
fingers. After his feeling the subject told the object’s
shape as soon as possible while the apperceiving results
were taken down. Each shape was repeated 10 times.

3.3. Strength and fatigue

Apparatus: GF was used to measure strength and
fatigue. The apparatus was a hand dynamometer com-
posed of a sensor and a digital display which can display
the instant strength (Fig. 5). The minimum graduation
is 0.1kg and ranges from 0 to 100kg.

Methods: Before experiment the subject grasped hand
dynamometer with comfortable posture. Then he was
asked to grasp the hand dynamometer to the best of his
ability until IGF declined to less than 50% of MGF for
consecutive three times. IGF was recorded once every
two seconds. Mg F of all the recorded IGF was defined
as strength (kg). Both ETgFr and Ig7r-gF area which
is the integral of Igr fitted curve and ETgr (IET-GF »
kgs) represented fatigue.

3.4. Measurement of performance

In this study, in order to unify the comparing crite-
rion for effects of gloves on each ergonomics index,
no-dimension “performance” indexes are introduced.
The more decline of index performance indicates the
more serious effects of the gloves on the index, and
the more sensitivity of the index. The calculations of
the performance indexes are as follows:

Tr — ATc

A
PAT(%)=<1— AT >><100% 1

Rt — CR
Per@) = (1+ =R L 100% )
CRc
MGFr — MGFc
Ps(%) = 1+ —L—_77C) & 100% 3
s(%) ( + MGFe ) X o 3
Fr — Fc
Pr(%) = ( 1+ = ) x 100% )
C

3.5. Statistical analysis

Regression analysis and paired-sample T test (anal-
ysis of variance, AOV) were conducted on the data by
the form of average and STDEV (x £ s) by SPSS 12.0
for Windows and OriginPro7.5. The limit of significant
variance was p < 0.05.

4. Results
4.1. Dexterity

4.1.1. Insert sticks into a holes-board

There were 29 subjects who attended ISIHB test.
From Table 2 it can be found that ATsiyp of gloved hand
group significantly prolongs (p < 0.001) compared with
that of bare-hand group. Performance of gloved hand
group decreases 11.7%, which shows that gloves sig-
nificantly impair the dexterity.

4.1.2. Nuts—bolts assembly task

The same 29 subjects participated in NBAT test.
Table 2 shows us that the AT of assembling each size
of nuts is significantly affected by gloves. The perfor-
mance of each size nut declines with different degree.
Performance of Ss nut is impaired most seriously and
loss of performance is 32.2%. Lg takes the second
(26.8%) and My is affected least (21.9%). The total
AT of completing three nuts assembly task also signif-
icantly prolongs (p < 0.001) after wearing glove. The
loss of Por (24.9%) remarkably exceeds that of ISTHB
(11.7%), which demonstrates that NBAT is much more
sensitive to glove than ISIHB. So when we appraise
dexterity of glove, NBAT has the priority.

4.2. Shape discrimination

Twenty eight subjects took part in SD test. Table 2 in-
dicates CRgsp significantly declines after donning glove
(p <0.001) and Pc g reduces 12.5% which shows glove
impairs TS considerably.
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Table 2
AOV summary of five indexes

Test indexes Samples (n) Test variables

Bare-handed group?

Gloved group Loss of performance (%)

ISIHB 29 ATismB (s) 29.1£3.1 323 £ 3.7 11.7
Ls 5.5+£1.0 6.8 £ 1.4 26.8
Ms 29 ATngaT (8) 70£1.3 8.4 £ 1.4% 21.9

NBAT
Ss 6.1£1.6 7.7 £2.2% 322
Total 18.5£3.2 22.9 4.3 24.9

SD 28 CRsp (%) 93.1+7.1 82.0 £ 12.0%** 12.1

Strength 28 Mgr (kg) 326+9.4 33.4+£97 —4.2

Fatigue 28 ETGF (s) 50.1 £22.5 52.7+£17.3 —12.8

*p <0.05, *p <0.01, **p <0.001.
2Compared with control group.

4.3. Strength and fatigue

Twenty eight subjects participated in strength and
fatigue test. There are no significant differences in the
Mgr,ETgr and IET_gF (p > 0.05, Table 2) after wear-
ing glove. Experiment results show that glove does not
affect strength and fatigue, which is consistent with
other investigations [7].

5. Functional relationships between indexes of
bare-hand group

5.1. ISIHB-NBAT relationship

The experiment data from 26 subjects who partici-
pated in all tests were investigated in order to explore
ISIHB-NBAT functional relationship. Here Ms assem-
bly task denotes NBAT. In order to unify magnitude
with ATisigB, according to the characteristics of data,
the ATngar of Ms (i.e., ATNBAT-M,) Was magnified four
times. By AOV we found that there was no significant
variance between ATisigp and ATngaT (p > 0.05). This
finding indicates that two dexterity indexes can substi-
tute each other.

Supposing x =ATNBAT=4 X ATNBAT- Mg, Y =ATISIHB,
by regression analysis of 26 paired data, the unitary
linear regression equation was obtained by

y=16.108 + 0.467x, 21.07<x<38.25 %)
R =0.647 > Ry o1(n — 2) =0.496
P =0.000353 < 0.001

Fig. 6 shows this regression equation was very effec-
tive and the linearity between variables x and y was
significant. Thus, any one of ISIHB and NBAT can be

chosen to investigate dexterity of hands in the further
study.

5.2. Dexterity—strength relationship

Strength (x)—dexterity (y) functional relationship can
be obtained by regression analysis as follows:

$=0.02546 +2.3686 x 10~*x (6)
where the coefficient of relativity
|R| =0.48542 > Ry o5(n — 2)

Such result shows the regression equation is effec-
tive (p < 0.05) and the linear relativity of dexterity and
strength is significant. Dexterity is directly proportional
to strength.

5.3. Dexterity—fatigue relationship

It has been found from regression analysis of dexter-
ity and ETgF that the linear relativity is not significant
(p > 0.05). Reason for this result might be the test time
of dexterity being too short, and generally the subject
is far from fatigue in such short time. Moreover, the
test items of dexterity used in this experiment need less
strength, so it is almost independent of fatigue.

5.4. Dexterity-TS relationship

ATisius represents dexterity. As we all know that
dexterity is inversely proportional to AT, so we define

X = CRSD

y=1/ATisinp
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Fig. 6. Regression analyses of ISIHB and NBAT.

It can be obtained from the regression analysis and test
of coefficient of relativity that

R =0.1258
|R| = 0.1258 < Ro.05(n — 2) = Ro.05(24) = 0.388

This result indicates the linear relation between dexter-
ity and TS is not significant, which means the dexterity
is independent of TS.

5.5. Dexterity, TS, and strength relationship

Suppose x; = CRsp, x2 = Mg, y = 1/ATisiuB. For
sample number n = 26, factor number m = 2, then it is
assumed that the functional relationship of three indexes
was

y =bo+ bix1 + baxy (7

With least squares we know that by, b1, and b, should
make summation of square deviation (Q) of total exper-

iment value (y;,i =1, 2, ..., 26) and regression value
(3;) least, i.e.,
n
0=> (-3
i=1
n
= Z(yi — bo — b1xi1 — b2xi2)* = Qmin ®)

i=1

By limit theorem of calculus, by, b1, and by should
be the solutions of the regular equations group:
00 n

=-2> (yi —bo— bixi1 —byxj2) =0
0bg i=1

00 n
— =—=2 (i —bo — bixit — baxi2)xi1 =0 (9)
0by i=1

00 n
— =-=23 (yi —bo — bixj1 — byxi2)xi2 =0
ab2 i=1

Substituting the experiment data into the function and
calculated by Matlab we have

bo 0.012013
[b1:| = |:0.015648:| (10)
by 0.000213

So the regression equation of dexterity, SD, and
strength was got as follows:

y=0.012013 + 0.015648x; + 0.000213x, (11)
where
0.7667<x1 <1, 18<x,<50.2 (12)

The analysis result of SPSS shows
F =4.243 > Fy05(2,23)=3.42 (13)

Such result indicates that the regression equation is
effective and the linear relationship of y, x1, and x; is
significant. If experiment conditions are limited, based
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on this equation, two of the three indexes could be tested
to predict the value of the third index.

However, because the unit of each coefficient is not
uniform, it is difficult to tell which one of x; and x»
contributes more to y only from the magnitude of b1 and
b;. Hence the regression coefficient should be unified.
Supposing the standardization regression coefficient of
bjis Bj, and

Ljj

n
2 there Lj; = Z(x,-j — fj)z,
yy

i=1

Bj = |bj]

n
Lyy=> (vi—=y. j=12...m
i=1

(14)

The larger B; is, the more important the factor is. For
the above-mentioned regression equation, it becomes

L 0.132191043

By = by |1 =0.01564775,/ ——2= = = 0.031195
Lyy 0.033261206
L 1847.946154

By = |bal [ =22 = 0.0002129,/ ——— > _ .050182
Lyy 0.033261206

Thus

By > B (15)

So it can be thought that x> is more important than xi,

namely strength contributes more greatly to dexterity
than SD.

5.6. TS—strength relationship

Relation of CRsp and Mgr was analyzed and the
result showed p > 0.05 which means strength and TS is
irrelevant. This work [7] indicated human is born with
the ability of optimizing. When a person takes up one
object, his TS will automatically adjust him to use the
smallest strength. Physiologically, there must be some
relationships between TS and strength. But this strength
is the least for taking up objects, not the MGF of this
experiment. The MGF and the least strength are not
correlated from the view of physiology.

5.7. TS—fatigue relationship

The relation of CRsp and ETgFr were also analyzed.
Results show p = 0.635 > 0.05 which means TS and
fatigue are irrelevant. That is to say that the CRsp is
independent of ETGF.

5.8. Ier_gF—ETgF relationship

It can be seen from the tendency figure of Ig7_g r and
10 times ETGF that their change laws are consistent.
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That is especially true for the female (the initial eight
subjects in Fig. 7), the change in tendency is almost the
same.

Supposing x = Ig7-GgF, y = ETGF, regression equa-
tion can be got as follows:

y =15.784 4+ 0.02907x (16)
where

338.619<x < 1857.26

By variance analysis:

R =0.69786

|R| =0.69786 > Roooo1(n —2), n=28

It shows that ETgr and Igr_gr is linear relative
(p <0.0001, Fig. 8). So we can conclude that, two
representation forms (ETgr and Igr-gr) of fatigue
are generally exchangeable.

5.9. Strength—fatigue relationship

According to Section 5.8, ETgF is chosen to repre-
sent fatigue for it being simpler to get than Ig7_gF. If
y =ETGF, x = MgF, by regression analysis and vari-
ance test it can be found that these two indexes have no
linear relativity (p > 0.05).

6. Functional relationships between indexes of
gloved hand group

From Table 2 we can see that glove significantly im-
pairs dexterity and TS. Thus, besides above-mentioned

effective linear relativity, the dexterity—TS relationship
was also studied in gloved hand group which was not
significant in bare-hand group. Here strength and fa-
tigue indexes were not investigated again because they
are not sensitive to glove.

6.1. ISIHB-NBAT relationship

The way of analyzing these two indexes is same to the
bare-hand group. By regression analysis ISIHB-NBAT
relationship is

y =22.80224 + 0.29593x (27.373<x<47.067) (17)
where
|R| =0.466 > Rg.05(26) = 0.374

Such results show the linear regression equation of two
indexes is effective and the linear relativity of ISIHB and
NBAT is also significant (p < 0.05). Such conclusion is
consistent with that of bare-hand group.

6.2. Dexterity—strength relationship

If y=1/ATismB, X = MgF, by regression analysis
the following equation is obtained:

$=0.0272 +0.00012x (11<x<52) (18)

There the relativity was tested by R-Test. Test result
reveals p < 0.05 which means that regression equation
is effective and the linear relativity of dexterity and
strength is significant. Such conclusion is accordant to
that of bare-hand group.

6.3. Dexterity-TS relationship

Supposing y = 1/ATisiHB, X = McF, by regression
it can be got:

$=0.02061 + 0.01233x (0.5667<x<1) 19)
There the regression coefficient is
R=0.519> Ry o1(n —2)=0.505

This result indicates equation is effective and the lin-
ear relativity of dexterity and TS is very significant.
Formula (19) indicates dexterity is direct proportional
to TS.

This finding is different from bare-hand group,
which shows glove not only affects TS but also impairs
careful dexterity task, so that changes the relation of
two indexes. Performance difference from glove makes
dexterity and TS correlative each other.
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6.4. Dexterity, TS, and strength relationship

Known from Section 5.5, dexterity, TS, and strength
are linear relative. There further investigations are con-
ducted on whether the relativity of three indexes exists
or not.

Suppose

y=1/ATtsinp, x1=CRsp, x2=Mgr

By regression analysis the following equation is ob-
tained:

¥ =0.0122296 + 0.0169424x; + 0.0001385x2,
0.6333<x1 <1, 11.2<x0<43.2 (20)

The results of variance analysis by SPSS and F-Test
show:

F =6.572> F0.01(2,20) = 5.85

This indicates equation is effective and the linear rela-
tivity of dexterity and strength still exists in gloved hand
group.

In this formula p; < 0.01, p2» <0.05, B; =0.042515,
and B =0.034454. These results show b; and b; have
significant meaning, namely the impacts on dexterity
caused by TS and strength is very significant. At the
same time Bj > Bj indicates x| contributes more to dex-
terity than x», that is to say the influencing extent of TS
on dexterity is greater than that of strength. Such con-
clusions illustrate the performance of conducting care-
ful task of dexterity mainly depends on TS (in ISTHB
task the diameter of holes and sticks are all very small,
so it belongs to careful task).

7. Discussion

Performances of bare-hand group and gloved hand
group were compared. From the results (Table 2) we can
see glove significantly affected manual performance.
But performance degradation of different indexes is dif-
ferent. Among the four ergonomics indexes, dexterity
is the most sensitive to gloves, and SD takes the second
place. Strength and fatigue were not significantly af-
fected by the glove used in this research. So while eval-
uating the glove ergonomics (such kind glove as tested
in this study) only the indexes of dexterity and SD were
necessary.

The performance changes extent of two dexterity test
items (i.e., ISIHB and NBAT) is not also different.
Loss of performance of ISTHB was 11.7%, and which
of NBAT of Lg, M, Sg, and total sizes was, respec-
tively, 26.8%, 21.9%, 32.2%, and 24.9 (Table 2). Such

findings indicate NBAT was more sensitive to glove
than ISTHB. NBAT should be the optimal test item to
analyze dexterity. And the three sizes of NBAT were
affected by glove with different extent. For synthet-
ically examining manual performance the NBAT test
should include three kinds of sizes nuts and bolts assem-
bly task. Namely the total ATngaT should be the best
examination on dexterity.

The most important findings of this research are
functional relationships between ergonomics indexes
of bare-hand group and gloved hand group. The find-
ings indicated ISTHB and NBAT were linear relative
whether the bare-hand group or the gloved hand group.
This kind of proportional relation suggests when we
examine dexterity of manual work only choosing one
of the two indexes is enough. Moreover under some
harsh conditions, when one of them is difficult to be
used to test dexterity, the other one can substitute it.
But the proportional coefficients of two groups namely
test conditions are different. Applying this relation the
coefficient should be decided by the type of glove. So
such investigations on EVA glove should be conducted
for the research practice of EVA.

In bare-hand group dexterity and TS was not rela-
tive. However, in gloved hand group dexterity was di-
rect proportional to TS. This finding indicates relations
between indexes will change with hand wearing condi-
tions. Of course further research should be done on this
issue.

Dexterity was also synchronously linear relative to
strength and TS under two test conditions. This rela-
tion showed that dexterity can synchronously reflect the
characteristics of strength and TS. Dexterity can act
as a synthetical ergonomics index for investigation on
manual performance. But the contribute levels to dex-
terity change after wearing glove. Glove not only af-
fects indexes performance but also proportional relation
between indexes.

ETgF and Igp-pr area was also linear, so the simple
variable, i.e., ETGF, should be the optimal index to test
fatigue.

8. Conclusions and future works

Investigations demonstrate that glove significantly
impairs dexterity and TS of hands. Functional rela-
tionships between ergonomics indexes of manual per-
formance are found, which also exist in gloved hand
group.

Four pairs of functional relationships (i.e.,
ISIHB-NBAT, Dexterity—strength, Ig7-gr—ETgFr and
Dexterity—TS—strength) exist in bare-hand group.
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Besides the above linear relations, another linear rel-
ativity is found between dexterity and TS in gloved
hand group. These findings suggest that the ergonomics
appraisal indexes system of manual performance can
be condensed.

In addition, glove not only impairs manual perfor-
mance but also influences functional relationships be-
tween indexes and interrelated coefficients. In future
investigations, more work need to be done in order to
apply these conclusions into practical appraisal of man-
ual performance in the harsh environment of space.

These research findings provide basal data for eval-
vation of manual performance, training and instruction
of cosmonauts, ergonomics design, characteristic anal-
ysis and improvement of EVA glove, and EVA mission
plan.

Further researches should be conducted on real EVA
glove so that investigation results can be directly applied
to astronautics ergonomics.
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